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I. 



REAL PARTY IN INTEREST 



Cornell Research Foundation, Inc. and Children's Medical Center 
Corporation, as assignees of U.S. Patent Application No. 09/830,520, are the real 
parties in interest. 
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II. RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences pertaining to the above- 
identified application. 

III. STATUS OF CLAIMS 

A. Claims 7. 9-10, 18-19. 55, and 59-60 Are Finally Rejected 

Claims 7, 9-10, 18-19, 55, and 59-60 have been finally rejected under 
35 U.S.C. § 102(e) as being anticipated by U.S. Patent No. 5,733,871 to Alps et al. 
("Alps"). 

B. Claims 1-6. 8, 1 1-17, 20-54. and 56-58 Have Been Canceled 
Claims 1-6, 8, 11-17, 20-54, and 56-58 have been canceled. 

C. No Claims Stand Allowed 
No claims stand allowed. 

D. Claims 7, 9-10. 18-19. 55, and 59-60 Are On Appeal 

The decision of the examiner finally rejecting claims 7, 9-10, 18-19, 
55, and 59-60 is appealed. These claims, in their currently pending form, are set 
forth in the attached Claims Appendix. 

IV. STATUS OF AMENDMENTS 

There are no amendments pending. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The present invention is directed to a method of inducing angiogenesis 
in patients who have cardiac ischemia by delivering a trk receptor ligand in an amount 
effective to induce angiogenesis and to treat the cardiac ischemia (page 5, lines 14-15, 
page 6, lines 13-16, page 17, lines 12-19 of U.S. Patent Application Serial No. 
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09/830,520). The present invention is also directed to a method of inducing 
angiogenesis in patients who have a vascular disorder by delivering a trk receptor 
ligand in an amount effective to induce angiogenesis and to treat the vascular disorder 
(page 5, lines 14-15, page 6, lines 13-16, page 17, lines 20-21 of U.S. Patent 
Application Serial No. 09/830,520). The trk receptor ligands which induce 
angiogenesis and are effective in the treatment of cardiac ischemia and vascular 
disorders include brain-derived neurotrophic factor, NT-3, and NT-4 (page 7, lines 
18-19, page 11, line 29 to page 13, line 2 of U.S. Patent Application Serial No. 
09/830,520). 

VI. GROUNDS OF REJECTION TO BE REVIEWED UPON APPEAL 

A. Whether claims 7, 9-10, 18-19, 55, and 59-60 are properly 
rejected under 35 U.S.C. § 102(e) as anticipated by Alps, when Alps fails to teach 
each and every aspect of the claimed invention. 

VII. ARGUMENT 

A. Applicable Law 

35 U.S.C. § 102(e) imposes the requirement that a claimed invention, 
to be patentable, must not have been "described in ... a patent granted on an 
application for patent by another filed in the United States before invention by the 
applicant for patent". To be anticipatory, under 35 U.S.C. § 102, a single prior art 
reference must disclose, either expressly or inherently, each limitation of the claim. 
Minn, Mining & Mfg. Co. v. Johnston & Johnston Orthopaedics, Inc., 976 F.2d 1559, 
1565, 24 USPQ2d 1321, 1326 (Fed. Cir. 1992). 

B. The Rejection of Claims 7, 9-10. 18-19. 55, and 59-60 Under 
35 U.S.C. § 102(e) As Being Anticipated by Alps et al. Is 
Improper 

1. Background 

Angiogenesis is a precisely regulated process which coordinates the 
assembly and differentiation of numerous cell types to form the arteries, capillaries 
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and veins of the pre-existing vascular bed. The primitive vasculature is composed of 
an endothelial plexus, which require the recruitment of pericytes and vascular smooth 
muscle cells by soluble growth factors secreted by endothelial cells to pattern the 
vessels into arteries and veins. In the final steps of vessel formation, the newly 
formed endothelial cells are stabilized by the extracellular matrix, the formation of a 
basement membrane and ensheathment with pericytes and smooth muscle cells. 
Numerous polypeptide growth factors have been implicated in initiating 
vasculogenesis and angiogenic sprouting, including fibroblast growth factors (bFGF 
and FGF-2), vascular endothelial growth factor (VEGF), and the angiopoietins. In 
addition, platelet derived growth factor B (PDGF-BB), angiopoietin-1 (ang-1), ephrin 
B2, and TGFp have been shown to regulate later aspects of the angiogenesis process, 
in the recruitment of mural cells, and in the patterning of the vascular bed. Very little 
is known about growth factors which regulate the stabilization and survival of the 
mature vasculature, although angiopoietin-1 has been proposed as a candidate 
molecule. Of these factors, only VEGF has been rigorously tested for its ability to 
initiate angiogenesis in adults in preclinical and clinical trials. Although delivery of 
VEGF by gene transfer can induce an angiogenic response in ischemic tissues, 
exogenous VEGF induces the formation of fragile, dilated, and malformed vessels. In 
addition, recent studies suggest that the endothelial cells of postnatal vessels may 
become independent of VEGF for their continued survival within several weeks of 
birth in rodents. Thus, the ultimate endpoint is the definition of the cellular steps and 
molecular sequences that direct and maintain microvascular assembly leading to 
therapeutic targets for repair and adaptive remodeling. 

In recent studies, the roles of the neurotrophins in regulating 
cardiovascular development and modulating the vascular response to injury have been 
investigated. The neurotrophins today consist of a family of five related polypeptide 
growth factors: nerve growth factor (NGF), brain derived neurotrophic factor 
(BDNF), and neurotrophins 3, 4 (also referred to as neurotrophin 5), and 6 (NT-3, 
NT-4, NT-6). These structurally related proteins mediate their actions on responsive 
neurons by binding to two classes of cell surface receptor. The low affinity 
neurotrophin receptor, p75, binds all neurotrophins and modulates signaling initiated 
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by the second class of neurotrophin receptors, the trk family of receptor tyrosine 
kinases (what was originally identified as the trk tyrosine kinase receptor is now 
referred to as trk A, one member of the trk family of receptors) . Trk A, trk B, and trk 
C tyrosine kinases serve as the receptors for NGF, BDNF, and NT-3, respectively, 
and trk B can also be activated by NT-4. 

NT-3 initiates a number of trophic effects on neurons expressing its 
receptor, trk C, ranging from mitogenesis, promotion of survival, or differentiation, 
depending on the developmental stage of the target cells. The reported sites of action 
of NT-3 reside primarily in the peripheral nervous system (PNS), various areas of the 
central nervous system (CNS), and in the enteric nervous system (ENS). Analyses of 
the phenotypes of transgenic mice lacking NT-3 or injection of embryos with a 
blocking antibody have revealed the essential role of NT-3 in development of specific 
populations of the PNS, and in particular of proprioceptive, nodose, and auditory 
sensory neurons and of sympathetic neurons. The actions of NT-3 also extend to 
modulation of transmitter release at several types of synapses in the periphery as well 
as in the adult CNS. 

NT-4 acts via the trk B receptor and supports survival of primary 
somatic and visceral sensory neurons. The major visceral sensory population, the 
nodose-petrosal ganglion complex (NPG), requires BDNF and NT-4 for survival of a 
full complement of neurons, however, only one functional NT-4 allele is required to 
support survival of all NT-4-dependent neurons. NT-4 appears to have the unique 
requirement of binding to p75 for efficient signaling and retrograde transport in 
neurons. In addition, while all other neurotrophin knock-outs have proven lethal 
during early postnatal development, mice deficient in NT-4 have so far only shown 
minor cellular deficits and develop normally to adulthood. 

Trk B receptors and BDNF are highly expressed by central and 
peripheral neurons, and gene ablation studies have demonstrated the critical role of trk 
B and BDNF in neuronal differentiation and survival, with gene targeted animals 
exhibiting abnormalities in cerebellar function and respiratory drive. 

However, the BDNFrtrk B receptor system is expressed at high levels 
in nonneuronal tissues, including muscle, lung, kidney, heart and the vasculature, 



R8 1869 1.2 



App. Serial No. 09/830,520 



-6- 



where its biological functions are unclear. Prior studies have identified roles for the 
related neurotrophic NT-3 5 and its receptor, trk C, in regulating cardiac septation and 
valvulogenesis. In addition, it has been demonstrated that BDNF and trk B are 
expressed by vascular smooth muscle cells of the adult aorta, and expression of this 
ligand:receptor system is upregulated in neointimal cells following vascular injury. 
However, the biological actions of BDNF and related neurotrophic in cardiovascular 
function and development have not been assessed. 

The present invention is directed to functions of the neurotrophins and 
the trk receptor family related to vascular biology. 

2. Description Of Alps 

Alps relates to the treatment of neuronal damage in the central nervous 
system of individuals in need of such treatment. In particular, Alps relates to 
intravenous administration of pharmaceutically acceptable compositions of 
neurotrophic factors, such as bFGF, aFGF, NGF, CNTF, BDNF, NT3, NT4, IGF-I, 
and IGF-II, for treating or preventing neuronal damage as a consequence of ischemia, 
hypoxia, or neurodegeneration. Thus, Alps relates to administration of neurotrophic 
factors which target neurons to improve survival and limit damage. 

3. Alps Does Not Anticipate The Claimed Invention 

Alps' method of treating neuronal damage would not have suggested to 
scientists in the field that the trk receptor ligands, brain derived neurotrophic factor 
("BDNF"), NT-3, or NT-4, would be useful in inducing angiogenesis, as set forth in 
the present invention. Nowhere does Alps disclose inducing angiogenesis in a patient 
that has cardiac ischemia by administering a trk receptor ligand in an amount effective 
to induce angiogenesis and to treat cardiac ischemia (as set forth in claim 7) or 
inducing angiogenesis in a patient that has a vascular disorder by administering a trk 
receptor ligand in an amount effective to induce angiogenesis and to treat the vascular 
disorder (as set forth in claim 9). In its examples, Alps uses focal or global ischemia 
models to induce neuronal damage. However, such models are used to create the 
symptom that Alps is interested in treating — i.e. neuronal damage. There is no 
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indication in Alps that the underlying condition causing neuronal damage in Alps is 
being treated or is capable of being treated in accordance with the present invention. 
There is also no indication that Alps is inducing angiogenesis with trk receptor 
ligands, as claimed by appellants. All Alps is doing with its neurotrophic factors is 
what was well known in the art to use them for — treating neuronal conditions. 

The present invention goes beyond the known use of such factors and 
involves the discovery that BDNF, NT-3, and NT-4 can be used for the very different 
purpose of inducing angiogenesis (Declaration of Joseph A. Madri Under 37 C.F.R. § 
1.132 f 7 ("Madri Declaration") (Attached hereto as Exhibit 1). Since this is 
nowhere taught or suggested by Alps, that reference cannot anticipate or in any way 
suggest the claimed invention. 

The factors that Alps identifies as neurotrophic factors are wide 
ranging and, while they include BDNF, NT-3, and NT-4, they go well beyond them 
(Madri Declaration Tf 8). Indeed, the bulk of the experimental work set forth in Alps 
is with bFGF which, unlike BDNF, NT-3, and NT-4, is not a trk receptor ligand (Id.). 
In the sentence bridging columns 4 and 5 of Alps, it is stated that "[s]ome 
neurotrophic factors are also capable of promoting neurite outgrowth and glial cell 
and blood vessel restoration or inducing cells to secrete other neurotrophic factors 
(emphasis added)" (Id.). However, in column 9, lines 39-49 of Alps, it is made clear 
that, with regard to promoting blood vessel formation, Alps is only talking about 
bFGF. Alps's acknowledgement that bFGF achieves angiogenesis is no surprise, 
because the ability of bFGF to do so was well known in 1999 (Id.). 

What was not known even when the present application was filed in 
1999 was that BDNF, NT-3, or NT-4 have the ability to promote blood vessel 
formation (Madri Declaration ^ 9). These molecules, at that time, were regarded as 
neurotrophic factors having no relevance to inducing angiogenesis (Id.). Thus, the 
indication in Alps (column 9, lines 42-45) that the non-trk receptor ligand, bFGF, is a 
potent "'gliotrophic' factor that promotes the proliferation of brain glial cells 
(including astroglia and oligodendroglia), as well as an 'angiogenic' factor that 
promotes the proliferation of brain capillary endothelial cells and blood vessels" was 
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limited to bFGF (Id.). This statement would not have suggested to those in the field 
that BDNF, NT-3, or NT-4 are useful in promoting angiogenesis (Id.). 

Thus, scientists skilled in the area of angiogenesis, reading Alps would 
not have not have regarded Alps as teaching that BDNF, NT-3, or NT-4 would be 
useful in inducing angiogenesis (Madri Declaration 10). 

Indeed, there is no indication by Alps that any of the other disclosed 
neurotrophic factors (besides bFGF) in that reference have such capability, let alone 
that the factors that happen to be trk receptor ligands are capable of promoting blood 
vessel formation. Trk receptor ligands are an art-recognized class of neurotrophic 
factor. See Huang, et. al., "Neurotrophins: Roles in Neuronal Development and 
Function," Rev. Neurosci. 24: 677-736 (2001)(attached hereto as Exhibit 2) and 
Chao, "Neurotrophin Receptors: A Window into Neuronal Differentiation" Neuron 
9:583-93 (1992) (attached hereto as Exhibit 3). The distinction between trk receptor 
ligands and other neurotrophic factors is well understood in the art. See Kandel et al., 
Principles of Neural Science pp. 1055-61 (1991) ("Kandel") (attached hereto as 
Exhibit 4) where Table 53-1 sets forth a list of neurotrophic factors of which one class 
is neurotrophins that includes factors acting on trk receptors. As set forth in Figure 3, 
panel B of Kaplan et. al., "Tyrosine Phosphorylation and Tyrosine Kinase Activity of 
the trk Proto-Oncogene Product Induced by NGF, " Nature 350: 1 58-60 (1991) 
(Attached hereto as Exhibit 5), bFGF fails to induce Trk tyrosine phosphorylation in 
PC12 cells treated with 100 ng per ml of bFGF. See also Table 53-1 of Kandel where 
fibroblast growth factors are a separate class of neurotophic factors from the class 
known as neurotrophins, a class that includes factors which act through trk receptors. 
Thus, the indication in Alps (column 9, lines 42-45) that the non-trk receptor ligand, 
bFGF, is a potent "'gliotrophic' factor that promotes the proliferation of brain glial 
cells (including astroglia and oligodendroglia), as well as an 'angiogenic' factor that 
promotes the proliferation of brain capillary endothelial cells and blood vessels" in no 
way suggests that trk receptor ligands are useful in promoting angiogenesis. 

Claims 18 and 19 depend from Claim 7 and Claims 10, 55, 59-60 
depend from Claim 9. They are, therefore, also patentable over Alps for the reasons 
noted above. 
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Since Alps clearly does not teach the claimed invention, it cannot be 
anticipatory, and therefore, the rejection based on this reference should be withdrawn. 

4. The Examiner Has Improperly Relied on the Doctrine 

of Inherency. 

In the October 20, 2004, final rejection, the examiner, in agreement with 
appellants, states that "applicants may scientifically be correct, i.e. that the teachings 
of the Alps patent would not have suggested to scientists in the field that neurotrophic 
factors such as BDNF, NT-3, or NT-4 had the ability to promote vessel formation." 
However, he maintains the anticipation rejection based on Alps, because such 
arguments are irrelevant to the "inherent properties of administered neurotrophic 
factors as taught by Alps." 

"Inherent anticipation requires that the missing descriptive material is 
'necessarily present', not merely probably or possibly present, in the prior art." 
Trintec Indus., Inc. v. Top-U.S.A. Corp., 295 F.3d 1292, 1295, 63 USPQ2d 1597, 
1599 (Fed. Cir. 2002) (quoting In re Robertson, 169 F.3d 743, 745, 49 USPQ2d 1949, 
1950-51 (Fed. Cir. 1999)). In order for an element, not expressly disclosed in a prior 
art reference, to inherently anticipate, the missing element must be "necessarily 
present in the thing described in the reference, and that it would be so recognized by 
persons of ordinary skill." Continental Can Co. v. Monsanto Co., 948 F.2d 1264, 
1268, 20 USPQ2d 1746, 1749 (Fed. Cir. 1991). 

There can only be inherent anticipation where the result is a necessary 
consequence of what was deliberately intended. See Mehl/Biophile International 
Corp. v. Milgraum, 192 F.3d 1362, 1366, 52 USPQ2d 1303, 1307 (Fed. Cir. 1999). 
However, nowhere does Alps teach inducing angiogenesis in a patient that has cardiac 
ischemia or in a patient that has a vascular disorder by administering brain derived 
neurotrophic factor, NT-3, or NT-4, as claimed by appellants. All Alps does is 
prevent neuronal damage. 

The examples of Alps all involve the treatment of global or focal 
ischemic animal models with bFGF, NGF, or CNTF. These models either artificially 
induce neuronal damage by reducing the flow of oxygen for a predetermined period 
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of time or permanently occlude a blood vessel, as a means of simulating neuronal 
damage (col. 7, lines 46-56). When blood vessel occlusion is temporary, bFGF or 
NGF administration begins only at the time occlusion ends or later. It is thus clear 
that with the animal models Alps uses in its examples, the neurotrophic factors being 
administered do not treat the ischemic event but only the symptoms caused in the 
animal model (i.e. neuronal damage). Since the examples of Alps involve neither the 
claimed pool of patients (i.e. patients having cardiac ischemia or having a vascular 
disorder), the claimed trk receptor ligands, nor the desired outcome of the claimed 
invention (i.e. inducing angiogenesis and either treating cardiac ischemia or a vascular 
disorder), the examples of this reference are certainly not anticipatory. 

To the extent that Alps discusses treatment of patients, as opposed to 
animal models, it is all with regard to the treatment of neuronal damage and always in 
the prophetic sense. Such discussion involves the proposed treatment of neuronal 
damage in patients caused by cerebral arterial occlusion as opposed to what appellants 
claim ~ i.e. inducing angiogenesis to treat cardiac ischemia or a vascular disorder. 
Further, Alps' prophetic discussion of treating patients is always in terms of using any 
of bFGF, aFGF, NGF, CNTF, BDNF, NT-3, NT-4, IGF-I, and IGF-II. Thus, Alps' 
discussion of treating patients not only involves achieving different therapeutic 
outcomes than the claimed invention but would require a selection of particular 
neurotrophic factors (not used in Alps' examples) amongst the larger group of factors 
disclosed by the reference in order to cover therapeutic agents specified by the claims. 
This can hardly amount to a case of anticipation. 

As to the requirement that the missing element be recognized by those 
skilled in the art reading the cited art, the following passage from Rosco, Inc. v. 
Mirror Lite Co., 304 F.3d 1373, 64 USPQ2d 1676 (Fed. Cir. 2002) is particularly 
instructive: 

Thus, the question is not whether the manufacture of 
the mirror using this process inherently results in a 
varying radius of curvature along the major axis, but 
whether one skilled in the art would read the '357 
patent as inherently disclosing the invention of the '984 
patent, that is, whether one skilled in the art would read 
the '357 patent as showing a mirror of varying radius of 
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curvature along the major axis. There is no evidence in 
the record to support a finding that one skilled in the art 
would so read the '357 patent. Englander's testimony 
only purports to establish that mirrors manufactured 
using the vacuum thermoforming process yield a 
varying radius of curvature along the major axis, but 
does not purport to establish that the mirror of the '357 
patent can only be manufactured by that particular 
process. At oral argument, counsel for Rosco could not 
identify any evidence that one skilled in the art would 
read the '357 patent as inherently disclosing a mirror 
with varying radius of curvature along the major axis. 
We accordingly reverse the district court's conclusion 
that the '984 patent is invalid under section 102(e). 

Id. at 1381, 64 USPQ2d at 1680. 

The examiner's above-quoted position clearly fails to comport with this 
standard. As noted supra, Dr. Madri has clearly pointed out that those of ordinary 
skill in the art would not have recognized Alps to be teaching that BDNF, NT-3, and 
NT-4 are useful in promoting angiogenesis (Madri Declaration THf 9-10). The 
examiner has accepted that view (as he must in the absence of evidence to the 
contrary) and that ruling should be dispositive of the inherency issue. Instead, 
however, the examiner deems the evidence introduced by Dr. Madri to be irrelevant to 
the inherency issue. However, the above case-law makes clear that such evidence is 
highly relevant, making the refusal to consider it reversible error per se. In any event 
for all of the reasons noted above, particularly the Madri Declaration, it is clear that 
Alps is not an anticipatory reference. 

5. The Claimed Invention is Directed to a Patentable New 
Use. 



The examiner also states that claiming a new use, new function or 
unknown property which is inherently present in a prior art reference does not 
necessarily make a claim patentable. As explained above, the use of BDNF, NT-3 , or 
NT-4 to induce angiogenesis and treat either a vascular disorder or cardiac ischemia is 
not inherently disclosed in Alps. Further, pursuant to 35 U.S.C. § 101, patent 
protection is available for any new or useful process, provided the other conditions for 
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patentability are met. Such a process is defined by 35 U.S.C. § 100(b) as 
encompassing "a new use of a known . . . composition of matter, or material." Thus, 
the statute contemplates the issuance of patents on processes directed to new uses for 
known materials. 

The patentability of new use claims is discussed by the U.S. Court of 
Appeals for the Federal Circuit in In re King, 801, F.2d 1324, 1326, 231 USPQ 136, 
138 (Fed. Cir. 1986) as follows: 

Under the principles of inherency, if a structure 
in the prior art necessarily functions in accordance with 
the limitations of a process or method claim of an 
application, the claim is anticipated. This is not to say 
that the discovery of a new use for an old structure 
based on unknown properties of the structure might not 
be patentable to the discoverer as a process. In re Hack, 
245 F.2d 246, 248, 1 14 USPQ 161, 163 (CCPA 1957). 

A use of a known compound is considered "new" under the statute if it is not merely 
analogous or cognate to the uses previously made. 1 D.S. Chisum Patents § 1 .03(8). 

Art like Alps clearly fails to undermine appellants' entitlement to new 
use patent protection. Although Alps discloses the use of neurotrophic factors, 
including BDNF, NT-3, NT-4, to prevent neuronal damage, this use is neither 
analogous nor cognate to appellants' methods of treating cardiac ischemia or vascular 
disorders with BDNF, NT-3 or NT-4. In fact, nowhere does Alps mention inducing 
angiogenesis in patients with cardiac ischemia or vascular disorders by administering 
effective amounts of a trk receptor ligand. Instead, Alps uses focal and global 
ischemic models to induce neuronal damage, then treats the neuronal condition with 
neurotrophic factors, primarily the non-trk receptor ligand bFGF. From all of these 
perspectives, it is apparent the Alps' method of treating neuronal conditions bears no 
analogy to the claimed invention. Accordingly, the claims of the present application 
constitute a patentable new use in accordance with Title 35. 
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VIII. CONCLUSION 

In view of the foregoing, it is clear that the rejection of the claims 
under 35 U.S.C. § 102(e) cannot be sustained. Accordingly, the final rejections 
should be reversed. 

Dated: Respectfully submitted, 

Michael L. Goldman 
Registration No. 30,727 
Attorney for Appellants 

Nixon Peabody LLP 
Clinton Square, P.O. Box 31051 
Rochester, New York 14603-1051 
Telephone: (585) 263-1000 
Facsimile: (585) 263-1600 
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IX. CLAIMS APPENDIX 

7. A method for inducing angiogenesis in a patient that has 
cardiac ischemia, said method comprising: 

administering a trk receptor ligand to the patient in an amount effective 
to induce angiogenesis and to treat the cardiac ischemia, wherein said trk receptor 
ligand is selected from the group consisting of brain derived neurotrophic factor, NT- 
3, and NT-4. 

9. A method for inducing angiogenesis in a patient that has a 
vascular disorder, said method comprising: 

administering a trk receptor ligand to the patient in an amount effective 
to induce angiogenesis and to treat the vascular disorder, wherein said trk receptor 
ligand is selected from the group consisting of brain derived neurotrophic factor, NT- 
3, and NT-4. 

10. A method according to claim 55, wherein said non-cardiac 
vascular disorder is selected from the group consisting of atherosclerosis and renal 
vascular disease. 

18. A method according to claim 7, wherein said administering 

comprises: 

delivering a nucleic acid sequence encoding said trk receptor ligand. 

19. A method according to claim 7, wherein said administering is 
carried out orally, intravenously, intramuscularly, intraperitoneally, subcutaneously, 
by intranasal instillation, by application to mucous membranes, or by instillation into 
hollow organ walls or newly vascularized blood vessels. 

55. A method according to claim 9, wherein said vascular disorder 
is a non-cardiac vascular disorder. 
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59. A method according to claim 9, wherein said administering 

comprises: 

delivering a nucleic acid sequence encoding said trk receptor ligand. 

60. A method according to claim 9, wherein said administering is 
carried out orally, intravenously, intramuscularly, intraperitoneally, subcutaneously, 
by intranasal instillation, by application to mucous membranes, or by instillation into 
hollow organ walls or newly vascularized blood vessels. 
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X. EVIDENCE APPENDIX 

A. EXHIBIT 1 - Declaration of Joseph A. Madri Under 37 C.F.R. § 1 .132 

• Introduced into the record by appellant on July 26, 
2004, and considered by the examiner in the office 
action, dated October 20, 2004. 

B. EXHIBIT 2 - Huang et al., 'TSfeurotrophins: Roles in Neuronal 
Development and Function," Ann. Rev. Neurosci._2A: 677-736 (2001) 

• Introduced by appellant on October 22, 2003, and 
considered by the examiner in the office action, dated 
January 21, 2004. 

C. EXHIBIT 3 - Chao, "Neurotrophin Receptors: A Window into Neuronal 
Differentiation" Neuron 9:583-93 (1992) 

• Introduced by appellant on October 22, 2003, and 
considered by the examiner in the office action, dated 
January 21, 2004. 

D. EXHIBIT 4 - Kandel et al., "Principles of Neural Science pp. 1055-61 
(1991) 

• Introduced by appellant on October 22, 2003, and 
considered by the examiner in the office action, dated 
January 21, 2004. 

E. EXHIBIT 5 - Kaplan et. al., "Tyrosine Phosphorylation and Tyrosine 
Kinase Activity of the trk Proto-Oncogene Product Induced by NGF, " 
Nature 350: 158-60(1991) 

• Introduced by appellant on October 22, 2003, and 
considered by the examiner in the office action, dated 
January 21, 2004. 
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DECLARATION OF JOSEPH A. MADRI UNDER 37 CF.IL § 1-132 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sir: 

I, Joseph A. Madri, pursuant to 37 C.F.R. § 1.132, declare: 

1. I hold a B,S. degree and an M.S. degree from St. John's University, 
Jamaica, New York in Biology as well as a Ph.D. in Chemistry and an M.D. from Indiana 
University, Bloomington, Indiana. 

2. I am a Professor in the Department of Pathology at Yale University 
School of Medicine, New Haven, Connecticut 

3. As demonstrated in my Curriculum Vitae (attached hereto at Exhibit 
1), I have extensive expertise in the area of angiogenesis. In particular, my areas of research 
have included angiogenesis, angiogenic growth factor biology, connective tissue biophysics, 
biochemistry and cell biology, vascular biology, vascular development, neurovascular 
development, cardiovascular development, and immunology. 

4. I have reviewed the above patent application and U.S. Patent No. 
5,733,871 to Alps et al., ("Alps") and am providing this declaration to explain the why Alps' 
method of treating neuronal damage would not have suggested to scientists in the field that 
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the trk receptor ligands, brain derived neurotrophic factor ("BDNF"), NT-3, or NT-4, would 
be useful in inducing angiogenesis, as described in the present application. 

5 . Alps relates to the treatment of neuronal damage in the central nervous 
system of individuals in need of such treatment In particular, Alps relates to intravenous 
administration of pharmaceutical^ acceptable compositions of neurotrophic factors, such as 

' bFGF, aFGF, NGF, CNTF, BDNF, NT3, NT4, 1GF-I, and IGF-II, for treating or preventing . 
neuronal damage as a consequence of ischemia, hypoxia, or neurodegeneration. Thus, Alps 
relates to administration of neurotrophic factors which target neurons to improve survival and 
limit damage. 

6. Nowhere does Alps disclose inducing angiogenesis in a patient that has 
cardiac ischemia or a vascular disorder by administering BDNF, NT-3, or NT-4. In its . 
examples, Alps uses focal or global ischemia models to induce neuronal damage. However, 
such models are used to create the symptom that Alps is interested in treating — i.e. neuronal 
damage. There is no indication in Alps that the underlying condition causing neuronal 
damage in Alps is being treated or is capable of being treated in accordance with the present 
application. There is also no indication that Alps is inducing angiogenesis with BDNF, NT- 
3, or NT-4 as in the invention of the present application. All Alps is doing with 1hese 
neurotrophic factors is what was well known in the art to use them for-^treating neuronal 
conditions. 

7. The invention of the present application goes beyond the known use of 
such factOTS and involves the discovery that BDNF, NT-3, and NT-4 can be used for the very 
different purpose of inducing angiogenesis. 

8. The factors that Alps identifies as neurotrophic factors are wide 
ranging and, while they include BDNF, NT-3, and NT-4, they go well beyond them. Indeed, 
the bulk of the experimental work set forth in Alps is with bFGF which, unlike BDNF, NT-3, 
and NT-4, is not a trk receptor ligand. In the sentence bridging columns 4 and 5 of Alps, it is 
stated that " fslome neurotrophic factors are also capable of promoting neurite outgrowth and 
glial cell and blood vessel restoration or inducing cells to secrete other neurotrophic factors 
(emphasis added)." However, in column 9, lines 39-49 of Alps, it is made clear that, with 
regard to promoting blood vessel formation, Alps is only talking about bFGF. Alps*s 
acknowledgement that bFGF achieves angiogenesis is no surprise, because the ability of 
bFGF to do so was well known in 1999. 

9. What was not known even when the present application was filed in 
1999 was that BDNF, NT-3, or NT-4 have the ability to promote blood vessel formation. 
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These molecules,' at that time, were regarded as neurotrophic factors having no relevance to 
inducing angiogenesis. Thus, the indication in Alps (column 9, toes 42-45) that the non-trie 
receptor ligand, bFGF, is a potent "'gliotrophic' factor that promotes the proliferation of 
brain glial cells (including astroglia and oHgodendroglia), as well as an 'angiogenic* factor 
that promotes the proliferation of brain capillary endothelial cells and blood vessels" was 
limited to bFGF. This statement would not have suggested to thbse in the field that BDNF, 
NT-3, or NT-4 are useful in promoting angiogenesis. 

1 0, For all of these reasons, I, like others skilled in the area of 
angiogenesis, reading Alps would not have not have regarded it as teaching that BDNF, NT- 
3 , or NT-4 would be useful in inducing angiogenesis. 

11. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

/ f MseprfA. Madri, M.D., PhlD. ' 
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Medical Licenses: 
Indiana 
Connecticut 
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International Academy of Pathology 

American Society for Cell Biology 

New York Academy of Science 
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Member Editorial Board of "American Journal of Pathology" 1984 to 1992 
ISSS^Si • "American Journal of Pathology" Jan. 1992toMay 1996 
S EdKorial Board of "Laboratory Investigation" July 1 991 to ^1 995 
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SevelopmenS^ Program Projects Study Section of The National Institutes of Health at 
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M^mhor R^earch Advisory Board of the Shriners Children's Hospitals, 1 992-1998 
SounSr XSSJ^SS oFnvestigative Pathdogy, July, 1993 to July. 1996 
Black Belt-Second Dan, TaeKwon-Do 1997 
MERIT Award from NHLBI-NIH 2/99 

Sa^te^T^^SScholarsh^ meAmer. Soc. ..west Ptfho... 4*001 
Black Belt-Fourth Dan, TaeKwon-Do 2003 

Areas of Interest/Expertise: 

Vasculogenesis & Angiogenesis 

Biology and Biochemistry of Connective Tissues 

Cell Biology of Endothelial and Vascular Smooth Muscle Cells 

Cell-Matrix Interactions 

LighUnd Electron Microscopy and Immunoelectron Microscopy 

Trainees To Date: PostDoctoral: 37 
Ph.D. Thesis: 11 
M.D. Thesis: 9 
Undergraduate: 20 

Current Support: 

an hi 98*^73-22 The Pathology of Endothelial Neovascularization 

Current Annual Direct Costs: $297,530.00 

MERIT Award Duration: 3/99 to 2/09 

Principal Investigator: J.A. Madri 
Effort: 25% 

oni hi «51018-08 Proteinase modulation during T cell-endothelial adhesion 

CuWent Annual Direct Costs: $225,000.00 

Duration: 4/01 to 3/05 
Principal lnvestigator: J.A. Madri 
Effort: 20% 

pm DK38979-10 Cell and Molecular Pathobiology of Renal Disease 

Current Project 1 : Renal microvascular endothelial cell differentiation 
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Duration: 7/93 to 11/04 

Principal Investigator: J. A. Madri 

Effort: 20% 

pm NS35476-07 Adaptive Mechanisms of Developing Brain 

Current Project 1 : Cellular and Molecular Basis of Angiogenesis in the 
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Reed Foundation 
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Annual Direct Costs: $165,850.00 
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Project 1 Principal Investigator: J. A. Madri 
Effort 20% 

Experimental Pathobiology Training Grant 
Annual Direct Costs: $116,232,00 
Duration: 7/77 to 6/07 
Principal Investigator: J. S. Morrow 
Effort 5% 

" Postdoctoral Fellowship in Vascular Biology 
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^^arboxypeptidase A: Solvent and ion effects. Ph. D. Thesis, Indiana University, 1973. 

2 Madri JA.,Fromowitz,F.B. Amyloid deposition in immunoblastic lymphadenopathy. Human 
' PathoU 9: 157-162, 1978. 

3 Marier.R..Valenti,AJ.,Madri,JA Gram-negative endocarditis following cystoscopy. JAJrgl., 
119:134^140,1978. 
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7. Madri. JA.Furthmayr.H. ^WS^W** * "* " 
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basement membranes and mesangium of the kidney: An immunoferntm study of ultrathm frozen 
sections. J- Cell Biol .. 85: 597-616, 1980. 
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chain composition, ultrastructural morphology and peptide analysis. Coll. Rel. Res ., 2. 19-Z9, 

1982. 
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klratin antibodies: Epithelial versus non-epithelial neoplasms. Am. J. Surq. Path .. 6. 143-153, 
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' Am J. Pathol ., 106: 180-186, 1982. 
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24 Furthmayr, H., Madri, J.A. Rotary shadowing of Connective Tissue Macromolecules. CoJLReL 
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^ndfaSor VIII antibodies: Evidence of a mesothelial ongin. Lab. Invest ., 47. 276-280, 1982. 
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epidennal cell spreading. J. Cell Biol .,96: 6^67, 1983. 
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Presentations at National and International Meetings: 

Gordon Conference -Structural Macromolecules. Collagen. Speaker "Endothelial Cell Collagen 
Biosynthesis: Structure/Function Relationships." Santa Barbara, CA, 2/80. 

Gordon Conference -Structural Macromolecules. Collagen. Speaker, "Monoclonal Antibodies to Type 
IV Collagen: Molecular Probes." Plymouth, NH, 7/81. ( 

FASEB Symposium Chairman & Speaker. "Immunochemistry of the Extracellular Matrix." New 
Orleans, LA, 4/82. 

Symposium The Extracellular Matrix: Chemistry, Biology, Pathology. Speaker, "Collagen Immunology 
and Immunochemistry." Washington University, St Louis, 6/82. 

Conference on- The biology of Inflammation, Cell-Cell Interactions and Connective Tissue: Potential 
S ASSSes to AtheSsclerosis Research. Speaker, "Endothelial Cell-Matnx Interactions .n 
Hemostasis and Angiogenesis." NIH, Washington, DC, 9/82. 

Gordon Conference - Atherosclerosis. Speaker, "Endothelial Cell-Matrix Interactions: The Role of 
Matrix in Angiogenesis." Meriden, NH, 6/83. 

Gordon Conference - Structural Macromolecules - Collagen. Speaker "Capillary Endothelial Cell 
Cultures: Phenotypic Modulation by Extracellular Matrix." Plymouth, NH, 7/83. 

CIBA Foundation Symposium. Basement Membranes and Cell Movement. Speaker, The Structure 
and Organization of Basement Membranes." London, U.K., 1/84. 

FASEB Symposium - Matrix Aspects of Wound Healing. Speaker, The Role of Matrix in Modulating 
the Angiogenic Response." St. Louis, MO, 4/84. 

Biology of the Vascular Endothelial Cell: Third International Symposium. Speaker, "EndothelialCell 
ilCytoskeletal-Matrix Interactions." Boston, MA, 6/84. 

Cellular and Molecular Organization of Epithelia, British Society of Cell Biology Speaker, "Endothelial 
S£n«Bn^ in Large Vessel and Microvascular Endothelium." Kent, England, 9/84. 

Bioloqy Chemistry and Pathology of Collagen, N.Y. Academy of Sciences Symposium. "Endothelial 
Cell-Extracellular Matrix Interactions." New York, NY, 10/84. 

FASEB Symposium Co-Chairman & Speaker. "Plasma Membrane Interactions with the Cytoskeleton 
and Exosketeton." Anaheim, CA, 4/85. 

Histochemical Society Annual Meeting, Invited Lecture: "Endothelial Cell-Matrix Interactions: In Vitro 
Models of Angiogenesis." Washington, DC, 5/85. 

Gordon Conference - Atherosclerosis. Speaker, "Endothelial Cell Proteoheparin Sulfate Metabolism: 
Modulation by Matrix." Meriden, NH, 6/85. 

Gordon Conference - Structural Macromolecules. Collagen. Chairman & Speaker - Session on The 
Pathology of Connective Tissues. Plymouth, NH, 7/85. 

NIH Symposium on: Perspectives in Endothelial Cell Biology. Speaker, "Cytoskeletal-Matrix 
Interactions of the Endothelium." Washington, DC, 1 2/85. 

FASEB Symposium Chairman & Speaker. "Extracellular Matrix-Cytoskeleton-Membranes." St. Louis 
MO, 4/86. 
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University of Iowa, Pulmonary Disease Division, ^oehringer-lngelheim Lecturer, Iowa City, Iowa, 11/6- 
7/86. 

Gordon Conference - Cell Contact and Adhesion Speaker, "Endothelial Cell-Matrix Interactions: 
Microvascular Endothelial Cells." Tilton, H.H., 6/87. 

. , * i e-'riec ThP rriiular and Molecular Biology Componentof ASEND, University of 
Forks, N.D., 9/27-29/87 

Tissue Culture Association Annua. Meeting, ° f ^ ^ ^ S °" ' 

Phase (Matrix) Factors in Angiogenesis." Las Vegas, NV, 6/12-15/88. 

^^^^^^^^^^ 

Endothelial Cells". Montreux, Switzerland, 10/2/88 - 10/4/88. 

FASEB Symposium Chairman & Speaker. "Adhesive Proteins and Matrix Interactions in Vascular 
Cells" New Orleans, LA, 3/89. 

10/23/89 to 10/24/89. 
3/16/90. 

The Endothelial Cell^issue Engineering, Joint UCLA symposia^ Joint meeting, Session Chairman and 
speaker "Endothelial cell phenotypes" Keystone, CO, 4/6/90 to4/12/90. 

e - ♦ Au e ^h, ,i ^vmnosium Atherosclerosis: Cellular and molecular interactions in the artery wall, 
phenotype", Saskatoon, Saskatchewan, Canada, 4/29/90 to5/2/90. 

. . nllinn Ac)snr American Thoracic Society World Conf . on Lung Health, Invited speaker in 
rTJ^nd 9 rowth and development "Extracellular 

^XS^fSSSS^ as'a modulator of microvascular endothelial cel. phenotype, 
Boston, MA, 5/20/90 - 5/24/90. 
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and Sbluble Factors." Meridian, N.H., 7/29/90 - 8/3/90. 
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SS^^ mod&ng vascular ceil behavior", National Institutes of 

Health, Bethesda, MD, Feb. 19 & 20, 1991 

FASEB Symposium Co-Chairman & Speaker. "Cell-Cell Interactions in Vascular Cells" Atlanta, GA, 
April, 1991. 

' 24* Annual Lofland Conference, Speaker: Speaker, "Positive and Negative Modulators of Endothelial 
Cell Migration", Seattle, WA, May 22 to 26, 1991 . 

mtomptinnal Society of Nephrology Sponsored Symposium "Forefronts in Nephrology - Biology of the 
qS^^S^^cS^ and Speaker, "Matrix^riven Grcjvth Factor Receptor 
Slaton of Vascular Cells". Kloster Banz, F. R. Germany, June 9 to 12, 1991. 

MCDB/ISU Symposium on Transforming Growth Factor-p and Related Proteins in Devdopment 
Sen "SSon of Vascular Cell Behavior by Transforming Grov^Factors-p". Ames, lov^ 

September 20 to 23, 1991. 

The Molecular Biology of the Endothelial ^^^^^ "* 
Speaker "Endothelial cell phenotypes" Keystone, CO, 1/13/92 tol/v/a^. 

American Heart Association Meeting on Vascular Cell fjffljj^j™*** 1 
in vascular cells: Functional Significance", SnowBird. Utah, 1/29/92 to 2/1/92. 
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■ Abstract Neurotrophins regulate development, maintenance, and function of 
vertebrate nervous systems. Neurotrophins activate two different classes of receptors, 
the Trk family of receptor tyrosine kinases and p75NTR, a member of the TNF receptor 
superfamily. Through these, neurotrophins activate many signaling pathways, including 
those mediated by ras and members of the cdc-42/ras/rho G protein families, and the 
MAP kinase, PI-3 kinase, and Jun kinase cascades. During development, limiting 
amounts of neurotrophins function as survival factors to ensure a match between the 
number of surviving neurons and the requirement for appropriate target innervation. 
They also regulate cell fate decisions, axon growth, dendrite pruning, the patterning 
of innervation and the expression of proteins crucial for normal neuronal function, 
such as neurotransmitters and ion channels. These proteins also regulate many aspects 
of neural function. In the mature nervous system, they control synaptic function and 
synaptic plasticity, while continuing to modulate neuronal survival. 

INTRODUCTION 

Neurotrophins are important regulators of neural survival, development, func- 
tion, and plasticity (for reviews, see Korsching 1993, Eide et al 1993, Segal 
& Greenberg 1996, Lewin & Barde 1996, Reichardt & Farinas 1997, McAllister 
et al 1999, Sofroniew et al 2001). As the central concept of the neurotrophic factor 
hypothesis, targets of innervation were postulated to secrete limiting amounts of 
survival factors that function to ensure a balance between the size of a target organ 
and the number of innervating neurons (reviewed in Purves 1988). Nerve growth 
factor (NGF), the first such factor to be characterized, was discovered during a 
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search for such survival factors (reviewed in Levi-Montalcini 1987). There are 
four neurotrophins characterized in mammals. NGF, brain-derived neurotrophic 
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) are derived 
from a common ancestral gene, are similar in sequence and structure, and are 
therefore collectively named neurotrophins (e.g. Hallbook 1999). Although mem- 
bers of other families of proteins, most notably the glial cell-derived neurotrophic 
factor (GDNF) family and the neuropoietic cytokines, have been shown to also 
regulate survival, development, and function in the nervous system, this review 
focuses on the neurotrophins, examining mechanisms by which they signal and 
control development and function of the nervous system. A companion review by 
others describes the roles of these fascinating proteins in supporting the injured 
and aging nervous systems (Sofroniew et al 2001). 

As the first neurotrophic factors to be discovered, the neurotrophins have had an 
unusually important influence on biology. The experiments leading to the discov- 
ery of NGF revealed the essential role of cellular interactions in development. Now 
almost all cells are believed to depend on their neighbors for survival (see Raff 
et al 1993). Almost a decade before endocytosis and transport were studied seri- 
ously in nonneural cells, NGF was shown to be internalized by receptor-dependent 
mechanisms and to be transported for vast distances along axons in small mem- 
brane vesicles by an energy and microtubule-dependent mechanism with eventual 
degradation of NGF in lysosomes. Now almost all cells are known to utilize similar 
mechanisms for trafficking of receptors and their ligands. Finally, neurotrophins 
have been shown to activate receptor tyrosine kinases. Within neural precursors 
and neurons, the pathways regulated by tyrosine kinases include proliferation and 
survival, axonal and dendritic growth and remodeling, assembly of the cytoskele- 
ton, membrane trafficking and fusion, and synapse formation and function. Recent 
studies on the neurotrophins have shown that they regulated each of these functions 
and have increased our understanding of the molecular mechanisms underlying 
each. Thus, studies on these factors continue to provide insights of widespread 
interest to modern biologists. 

Sources of Neurotrophins 

NGF was purified as a factor able to support survival of sympathetic and sensory 
spinal neurons in culture (Levi-Montalcini 1987). Anti-NGF injections demon- 
strated that this factor is important in maintaining survival of sympathetic neurons 
in vivo as well as in vitro. Development of a two-site ELISA assay and of an NGF 
mRNA assay, using as probe the cloned NGF gene, made it possible to demonstrate 
that NGF is synthesized and secreted by sympathetic and sensory target organs 
(reviewed in Korsching 1993). From these sources, it is captured in nerve terminals 
by receptor-mediated endocytosis and is transported through axons to neuronal cell 
bodies where it acts to promote neuronal survival and differentiation. Within the 
target organs, synthesis of NGF and of other neurotrophins is associated with end 
organs, such as hair follicles, which become innervated by the axons of these 
neurons. 
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Subsequent work has demonstrated that there are other sources of neurotrophic. 
First, after peripheral nerve injury, macrophages infiltrate the nerve as part of 
an inflammatory response and release cytokines, which induce the synthesis of 
NGF in Schwann cells and fibroblasts within the injured nerve (reviewed by 
Korsching 1993). NGF is also synthesized in mast cells and is released follow- 
ing mast cell activation (reviewed in Levi-Montalcini et al 1996). NGF and other 
neurotrophic factors synthesized in damaged nerve are believed to be essential for 
survival and regeneration of injured neurons. Second, during development, neu- 
rotrophins are expressed in regions being invaded by sensory axons en route to 
their final targets, so they may provide trophic support to neurons that have not 
yet contacted their final targets (e.g. Farinas et al 1996, 1998; Huang et al 1999a; 
Ringstedt et al 1999). Third, many neurons also synthesize neurotrophins. For 
example, several populations of sensory neurons have been shown to synthesize 
BDNF (e.g. Mannion et al 1999, Brady et al 1999). Although some evidence has 
been presented suggesting that BDNF may act in an autocrine or paracrine fash- 
ion to support dorsal root ganglion (DRG) sensory neurons (Acheson et al 1995, 
Robinson et al 1 996), in other instances it may be transported anterogradely and 
act /rans-synaptically on targets of the central afFerents of these neurons within 
the brain (Brady et al 1999; see also Altar et al 1997, Fawcett et al 1998, von 
Bartheld et al 1996). Finally, when overexpressed in skin, sufficient target-derived 
NGF is released from the somata of trigeminal sensory neurons to support aberrant 
innervation by NGF-dependent sympathetic fibers (Davis et al 1998, Walsh et al 
1999b). Thus, in some circumstances, a neurotrophin provided by one cell not 
only is effective at supporting neurons whose axons are in its vicinity, it also can 
provide support to more distant neurons via transcellular transport. 

Neurotrophins and Their Receptors 

Currently, six neurotrophins have been isolated: NGF, BDNF, NT-3, NT-4 (also 
known as NT-5), NT-6, and NT-7. There is substantial evidence that they all arose 
through successive duplications of the genome of an ancestral chordate (Hallbook 
1999). The NT-6 and NT-7 genes have been identified only in fish and probably do 
not have mammalian or avian orthologues (Gotz et al 1994, Nilsson et al 1998). 
NT-4 has not been detected in avian species. Neurotrophins generally function as 
noncovalently associated homodimers, but at least some neurotrophin subunits are 
able to form heterodimers with other neurotrophin subunits. NGF, NT-6, and NT-7 
appear to act on very similar and perhaps identical populations of neurons. BDNF 
and NT-4 have also very similar targets (e.g. Ip et al 1 993). Thus the neurotrophins 
can be divided into three classes based upon target neuron populations, and all 
vertebrate species are likely to have at least one neurotrophin in each class. The 
structures of NGF, NT-3, and NT-4 and of NT-3/BDNF and NT-4/BDNF dimers 
have been solved and novel features of their structures — a tertiary fold and cystine 
knot — are present in several other growth factors, including platelet-derived growth 
factor and transforming growth factor (McDonald et al 1991; Fandl et al 1994; 
Robinson et al 1995, 1999; Butte et al 1998; reviewed in McDonald & Chao 1995). 
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Initial efforts to identify NGF receptors resulted in discovery of a receptor now 
named p75NTR. For many years this was believed to be a low-affinity receptor 
specific for NGF. More recently, it has been shown to bind to all of the neurotrophins 
with a very similar affinity (Rodriguez-Tebar et al 1991). p75NTR is a distant 
member of the tumor necrosis factor receptor family (Chao 1994, Bothwell 1995). 
The cytoplasmic domain of this receptor contains a "death" domain structurally 
similar to those in other members of this receptor family (Liepinsch et al 1 997). For 
many years after its discovery, it was not certain whether this receptor transmitted 
any signals or whether it functioned simply as a binding protein. Work during the 
past few years has shown, however, that this protein transmits signals important for 
determining which neurons survive during development. Signaling by this receptor 
is discussed at length below. 

In a dramatic advance, the three members of the Trk (tropomyosin-related 
kinase) receptor tyrosine kinase family were shown to be a second class of neu- 
rotrophin receptors (reviewed in Bothwell 1995). The neurotrophins have been 
shown to directly bind and dimerize these receptors, which results in activation of 
the tyrosine kinases present in their cytoplasmic domains. NGF is specific for TrkA. 
BDNF and NT-4 are specific for TrkB. NT-3 activates TrkC and is also able to acti- 
vate less efficiently each of the other Trk receptors. The most important site at which 
Trk receptors interact with neurotrophins has been localized to the most proximal 
immunoglobulin (Ig) domain of each receptor. The three-dimensional structures of 
each of these Ig domains has been solved (Ultsch et al 1999), and the structure of 
NGF bound to the TrkA membrane proximal Ig domain has also been determined 
(Wiesmann et al 1 999). This exciting structural information has provided detailed 
information about interactions that regulate the strength and specificity of binding 
between neurotrophins and Trk receptors (e.g. Urfer et al 1998). 

The unique actions of the neurotrophins made it seem likely that they would 
prove to have receptors and signal transduction pathways completely different from 
those of the mitogenic growth factors, such as platelet-derived growth factor or epi- 
dermal growth factor, whose receptors were known to be receptor tyrosine kinases. 
Thus, it was surprising when Trk receptors were identified as functional, survival- 
promoting receptors for neurotrophins. During the past few years, however, mem- 
bers of other neurotrophic factor families have also been shown to activate tyro- 
sine kinases. These include GDNF and its relatives and ciliary neurotrophic factor 
(CNTF) and other neuropoietic cytokines (reviewed in Reichardt & Farinas 1997). 
These tyrosine kinases activate many of the same intracellular signaling pathways 
regulated by the receptors for mitogens. Appreciation of this shared mechanism 
of action has been a major conceptual advance of the past decade. 

Control of Neurotrophin Responsiveness by Trk Receptors 

Tyrosine kinase-mediated signaling by endogenous Trk receptors appears to pro- 
mote survival and/or differentiation in all neuronal populations examined to date. 
With a few exceptions, ectopic expression of a Trk receptor is sufficient to confer 
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a neurotrophin-dependent survival and differentiation response (e.g. Allsopp et al 
1994, Barrett & Bartlett 1994). Usually, endogenous expression of a Trk receptor 
confers responsiveness to the neurotrophins with which it binds, but this genera- 
lization is oversimplified for several reasons. First, differential splicing of the TrkA, 
TrkB, and TrkC mRNAs results in expression of proteins with differences in their 
extracellular domains that affect ligand interactions (Meakin et al 1992, Clary & 
Reichardt 1994, Shelton et al 1995, Garner et al 1996, Strohmaier et al 1996). The 
presence or absence of short amino acid sequences in the juxtamembrane domains 
of each receptor has been shown to affect the ability of some neurotrophins to ac- 
tivate these receptors. Although BDNF, NT-4, and NT-3 are capable of activating 
the TrkB isoform containing these amino acids, the TrkB isoform lacking them 
can only be activated by BDNF (Strohmaier et al 1996). These isoforms of TrkB 
have been shown to be expressed in nonoverlapping populations of avian sensory 
neurons, so splicing of this receptor almost certainly has important functional con- 
sequences (Boeshore et al 1999). Similarly, an isoform of TrkA containing a short 
juxtamembrane sequence is activated by both NGF and NT-3, whereas the isoform 
lacking these amino acids is much more specifically activated by NGF (Clary & 
Reichardt 1994). Although this short polypeptide sequence was not localized in 
the three-dimensional structure of the NGF-TrkA ligand binding domain complex, 
the organization of the interface between the two proteins is compatible with the 
possibility that these residues may directly participate in binding (Wiesmann et al 
1999). The abilities of NT-3 to activate TrkA and of NT-3 and NT-4 to activate 
TrkB are also negatively regulated by high levels of the pan-neurotrophin receptor 
p75NTR (Bennedetti et al 1993, Lee et al 1994b, Clary & Reichardt 1994, Bibel 
et al 1999). Thus, factors that regulate differential splicing of extracellular exons 
in Trk receptor genes and signaling pathways that control expression of p75NTR 
affect the specificity of neuronal responsiveness to neurotrophins. 

Important also has been the discovery of differential splicing of exons encoding 
portions of the Trk receptor cytoplasmic domains. Not all isoforms of TrkB and 
TrkC contain tyrosine kinase domains (reviewed in Reichardt & Farinas 1997). 
Differential splicing generates isoforms of both TrkB and TrkC, which lack these 
domains. The functions of nonkinase-containing isoforms of TrkB and TrkC in 
nonneuronal cells may include presentation of neurotrophins to neurons. Within 
neurons, these same receptors are likely to inhibit productive dimerization and 
activation of full-length receptors, thereby attenuating responses to neurotrophins 
(e.g. Eide et al 1996). There is also evidence suggesting that ligand binding to 
truncated isoforms of TrkB and TrkC can modulate intracellular signaling path- 
ways more directly (Baxter et al 1997, Hapner et al 1998). Differential splicing 
has also been shown to result in expression of an isoform of TrkC, which contains 
an amino acid insert within the tyrosine kinase domain. This insert does not elimi- 
nate the kinase activity of TrkC but does appear to modify its substrate specificity 
(e.g. Guiton et al 1995, Tsoulfas et al 1996, Meakin et al 1997). 

Finally, in some central nervous system (CNS) projection neurons, Trk recep- 
tors appear to be largely sequestered in intracellular vesicles (Meyer-Franke et al 
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1998). Only in the presence of a second signal, such as cAMP or Ca 2+ , are the 
receptors inserted efficiently into the plasmalemma. In these neurons, expression 
of a kinase-containing isoform of a Trk receptor may not be sufficient to confer re- 
sponsiveness to a neurotrophin if the neurons are not incorporated into a signaling 
network that results in production of these second messengers. Thus, neurotrophin 
responsiveness is controlled by many factors in addition to regulators of Trk re- 
ceptor gene expression. 

Control of Neurotrophin Responsiveness by the 
Pan-Neurotrophin Receptor p75NTR 

Each neurotrophin also binds to the low-affinity neurotrophin receptor p75NTR, 
which is a member of the tumor necrosis factor receptor superfamily (see Frade & 
Barde 1998). In vitro studies on p75NTR have documented that it can potentiate 
activation of TrkA by subsaturating concentrations of NGF (e.g. Mahadeo et al 
1994, Verdi et al 1994). What is surprising is that it does not appear to potentiate 
activation of the other Trk receptors by their ligands in vitro, even though these 
also bind to p75NTR. A role for p75NTR in potentiating actions of neurotrophins 
in vivo, however, provides one possible explanation of the deficits in multiple 
classes of sensory neurons observed in the p75NTR mutant (Stucky & Koltzenburg 
1997, Bergmann et al 1997, Kinkelin et al 1999). As discussed above, studies in 
cell culture also indicate that p75NTR reduces responsiveness of Trk receptors to 
noncognate ligands (Benedetti et al 1993, Clary &Reichardt 1994, Leeetal 1994b). 
Recently, NT-3 has also been shown to maintain survival of TrkA-expressing 
sympathetic neurons in vivo more effectively in the absence than in the presence 
of p75NTR (Brennan et al 1 999). The presence of p75NTR has also been shown to 
promote retrograde transport of several neurotrophins (e.g. Curtis et al 1995, Ryden 
et al 1 995, Harrison et al 2000). Most intriguing, both in vitro and in vivo evidence 
now indicates that ligand engagement of p75NTR can directly induce neuronal 
death via apoptosis (reviewed in Frade & Barde 1998; see also Friedman, 2000). 
Analysis of the p75NTR mutant phenotype has demonstrated that regulation of 
apoptosis by ligand engagement of p75NTR is important during peripheral nervous 
system as well as CNS development in vivo (e.g. Bamji et al 1998, Casademunt 
et al 1 999). Finally, absence of p75NTR signaling perturbs axon growth in vitro and 
both axon growth and target innervation in vivo (e.g. Lee et al 1994a, Yamashita 
et al 1999b, Bentley & Lee 2000, Walsh et al 1999a,b). 



REGULATION OF SIGNALING BY NEUROTROPHINS 

Trk Receptor-Mediated Signaling Mechanisms 

Ligand engagement of Trk receptors has been shown to result in phosphorylation 
of cytoplasmic tyrosine residues on the cytoplasmic domains of these receptors 
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(Figure 1). Trk receptors contain 10 evolutionarily conserved tyrosines in their cy- 
toplasmic domains, of which three-Y670, Y674, and Y675 (human TrkA sequence 
nomenclature)-are present in the autoregulatory loop of the kinase domain that 
controls tyrosine kinase activity (e.g. Stephens et al 1 994, Inagaki et al 1 995). Phos- 
phorylation of these residues further activates the receptor. Phosphorylation of the 
other tyrosine residues promotes signaling by creating docking sites for adapter 
proteins containing phosphotyrosine-binding (PTB) or src-homology-2 (SH-2) 
motifs (reviewed in Pawson & Nash 2000). These adapter proteins couple Trk 
receptors to intracellular signaling cascades, which include the Ras/ERK (extra- 
cellular signal-regulated kinase) protein kinase pathway, the phosphatidylinositol- 
3-kinase (PI-3 kinase)/Akt kinase pathway, and phospholipase C (PLC)-/ 1 (see 
Reichardt & Farinas 1 997, Kaplan & Miller 2000). Two tyrosines not in the kinase 
activation domain (Y490 and Y785) are major sites of endogenous phosphoryla- 
tion, and most research has focused on interactions mediated by these sites with 
She and PLC-y 1, respectively (Stephens et al 1994). Five of the remaining seven 
conserved tyrosines also contribute to NGF-induced neurite outgrowth, however, 
so interactions mediated by Y490 and Y785 can mediate only a subset of Trk 
receptor interactions important in neurotrophin-activated signaling (Inagaki et al 
1995). Recent work has resulted in identification of additional adapter proteins 
that interact with Trk receptors at different sites and has demonstrated that transfer 
of Trk receptors to various membrane compartments controls the efficiency with 
which these receptors can associate with and activate adapter proteins and intra- 
cellular signaling pathways (e.g. Qian et al 1998; Saragovi et al 1998; York et al 
2000; C Wu, C-F Lai, WC Mobley, unpublished observations). 

PLC-y 1 Signaling 

Phosphorylation of Y785 on TrkA has been shown to recruit PLC-y 1 directly, 
which is activated by phosphorylation and then acts to hydrolyse phosphatidyl 
inositides to generate inositol tris-phosphate and diacylglycerol (DAG) (Vetter 
et al 1991). Inositol tris-phosphate induces release of Ca 2+ stores, increasing lev- 
els of cytoplasmic Ca 2+ . This results in activation of various enzymes regulated 
by cytoplasmic Ca 2+ , including Ca 2+ -calmodulin-regulated protein kinases and 
phosphatases and Ca 2+ -regulated isoforms of protein kinase C. Formation of DAG 
stimulates the activity of DAG-regulated protein kinase C isoforms. In PC 12 cells, 
protein kinase C (PKC)«$, a DAG-regulated PKC, is activated by NGF and is re- 
quired for neurite outgrowth and for activation of the ERK cascade (Corbit et al 
1999). Inhibition of ?KCS has been shown to inhibit activation of MEK [mitogen- 
activated protein kinase kinase (MAPKK)/ERK kinase)] but not of c-raf, so PKC<5 
appears to act between Raf and MEK in the ERK kinase cascade. 

RAS-ERK Signaling 

Activation of Ras is essential for normal difFerentiation of PC 12 cells and neurons. 
In many cells, Ras activation also promotes survival of neurons, either by activation 
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of PI-3 kinase or through activation of the ERK family of MAP kinases. Transient 
vs prolonged activation of the MAP kinase pathway has been closely associated, 
respectively, with a proliferation-inducing vs a differentiation-promoting response 
to neurotrophin application (e.g. Grewal et al 1999). 

The pathways leading to activation of Ras are surprisingly complex. In the 
first pathway to be characterized, phosphorylation on Y490 was shown to result in 
recruitment and phosphorylation of the adapter protein She, with binding mediated 
by the She PTB domain (Stephens et al 1994; reviewed in Kaplan & Miller 2000). 
She is then phosphorylated by Trk, resulting in recruitment of a complex of the 
adapter protein Grb-2 and the Ras exchange factor SOS. Activation of Ras by 
SOS has many downstream consequences, including stimulation of PI-3 kinase, 
activation of the c-raf/ERK pathway, and stimulation of the p38 MAP kinase/MAP 
kinase-activated protein kinase 2 pathway (e.g. Xing et al 1996). Downstream 
targets of the ERK kinases include the RSK kinases (ribosomal S6 kinase). Both 
RSK and MAP kinase-activated protein kinase 2 phosphorylate CREB (cAMP- 
regulated enhancer binding protein) and other transcription factors (Xing et al 
1998). These transcription factors in turn control expression of many genes known 
to be regulated by NGF and other neurotrophins. Among these, CREB regulates 
genes whose products are essential for prolonged neurotrophin-dependent survival 
of neurons (Bonni et al 1999, Riccio et al 1999). 

Neurotrophin signaling through Shc/Grb-2/SOS mediates transient, but not pro- 
longed, activation of ERK signaling pathways (e.g Grewal et al 1999). Prolonged 
ERK activation has been shown to depend on a distinct signaling pathway in- 
volving the adapter protein Crk, the exchange factor C3G, the small G protein 
rapl, and the serine-threonine kinase B-raf (York et al 1998). Neurotrophins acti- 
vate this signaling pathway by utilization of a distinct adapter named FRS-2 (fi- 
broblast growth factor receptor substrate-2) or SNT(suc-associated neurotrophic 
factor-induced tyrosine-phosphorylated target), which competes with She for phos- 
phorylated Y490 on TrkA (Meakin et al 1999). FRS-2 is phosphorylated by Trk 
activation and has been shown to have binding sites for several additional proteins, 
including the adapter proteins Grb-2 and Crk, the cytoplasmic tyrosine kinase 
Src, the cyclin-dependent kinase substrate pB^ 01 , and the protein phosphatase 
SH-PTP-2 (e.g. Meakin et al 1999). Crk associates with phosphorylated FRS-2 
and then binds and activates the exchange factor C3G (e.g. Nosaka et al 1999). 
Activation by C3G of the small G protein Rapl results in stimulation of B-raf, 
which activates the ERK kinase cascade. As predicted by this model, overexpres- 
sion of FRS-2 or Crk results in differentiation of pheochromocytoma (PC)- 12 cells 
(Tanaka et al 1993, Matsuda et al 1994, Hempstead et al 1994, Meakin et al 1999). 
In addition to providing a crucial link to a pathway that appears to be essential for 
prolonged MAP kinase activation, FRS-2 provides a mechanism not dependent 
on She for activation of the Grb-2/SOS/Ras pathway. This adapter protein also 
provides a link to the Src family tyrosine kinases, which have been implicated in 
receptor endocytosis and other cellular responses (e.g. Wilde et al 1999, Beattie 
et al 2000). Finally, binding to FRS-2 of the protein phosphatase SH-PTP-2 also 
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facilitates activation of the ERK pathway, probably by inactivation of an inhibitor, 
such as Ras-GAP or MAPK phosphatase (Wright et al 1997). 

PI-3 Kinase Signaling 

Activation of phosphatidylinositol-3-kinase (PI-3 kinase) is essential for survival 
of many populations of neurons. In collaboration with the phosphatidylinositide- 
dependent kinases, phosphatidyl inositides generated by PI-3 kinase activate the 
protein kinase Akt/protein kinase B. Akt then phosphorylates and controls the 
biological functions of several proteins important in modulating cell survival (re- 
viewed in Datta et al 1999, Yuan & Yankner 2000). Among the substrates of Akt 
are BAD, a Bcl-2 family member that promotes apoptosis by binding to Bcl-xL, 
which in the absence of binding would inhibit the proapoptotic activity of Bax. 
Phosphorylation of BAD results in its association with 14-3-3 proteins and pre- 
vents it from promoting apoptosis (Datta et al 1997). BAD is also a substrate for 
MAP kinases, which similarly inactivate its apoptosis-promoting function (Bonni 
et al 1999). Another demonstrated target of Akt is IkB (reviewed in Datta et al 
1999). Phosphorylation of I/cB results in its degradation and activation of NFkB, 
which is normally sequestered by IkB in the cytoplasm. Transcription activated 
by nuclear NFacB has been shown to promote neuronal survival (e.g. Middleton 
et al 2000). A third Akt substrate of potential relevance for neuronal survival is the 
forkhead transcription factor FKHRL1, which controls expression of apoptosis- 
promoting gene products, such as FasL (Brunet et al 1999). Another Akt substrate 
is human but not mouse caspase-9 (Brunet et al 1999). Glycogen synthase kinase 
(GSK3p) is also stimulated by trophic factor withdrawal and negatively reg- 
ulated by Akt phosphorylation (Herman et al 1999). In cultured cortical neurons, 
elevated GSK3£ promotes apoptosis (Hetman et al 1999). Many additional pro- 
teins in the cell death cascade, including Bcl-2, Apaf-1, caspase inhibitors, and 
caspases, have a consensus site for Akt phosphorylation but have not been shown 
to be phosphorylated by this kinase (Datta et al 1999). Analyses of mouse mutants 
have documented the importance of many, but not all, of these proteins (reviewed 
in Yuan & Yankner 2000). Mutants lacking caspase-9 or Bax have reductions in 
neuronal apoptosis, whereas a mutant lacking Bcl-x-L has an increase in neu- 
ronal apoptosis during development (e.g. Deckwerth et al 1996, Shindler et al 
1998). Absence of BAD, however, does not detectably alter neuronal apoptosis 
during CNS development, which suggests that Akt-mediated phosphorylation of 
this protein is not an essential link in the PI-3 kinase-dependent survival cascade 
in vivo (Shindler et al 1998). It is important to note that not all substrates of Aid 
are involved in cell survival. S6 kinase, for example, is important for promoting 
translation of a subset of mRNAs, including certain cyclins essential for cell cycle 
progression. 

PI-3 kinase is activated by Ras. In many but not all neurons, Ras-dependent 
activation of PI-3 kinase is the major pathway by which neurotrophins convey 
survival-promoting signals (e.g. Vaillant et al 1999). PI-3 kinase and signaling 



686 HUANG ■ REICHARDT 



pathways dependent on PI-3 kinase function can also be activated through She and 
Grb-2 by a Ras-independent mechanism. Recruitment by phosphorylated Grb-2 
of the adaptor protein Gab-1 results in subsequent binding to this complex of PI-3 
kinase, which is then activated (Holgado-Madruga et al 1997, reviewed by Kaplan 
& Miller 2000). In some cells, but not in PC- 12 cells, insulin receptor substrate 
(IRS)-l has been shown to be phosphorylated in response to neurotrophins and in 
turn to recruit and activate PI-3 kinase (Yamada et al 1997). 

In addition to providing an adapter that facilitates activation of PI-3 kinase, 
Gab-1 has also been shown to function as an adapter that nucleates formation of 
a complex that includes the protein tyrosine phosphatase Shp-2 (Shi et al 2000). 
Shp-2 has been shown to enhance activation of the RAS-RAF-MEK-ERK pathway 
by a mechanism that is not clear, but that appears to involve dephosphorylation of 
a 90-kDa protein that is also associated with the Gab-1 complex. 

Control of the Actin Cytoskeleton 

The neurotrophins induce rapid ruffling and cytoskeletal rearrangements similar to 
those induced by other growth factors (e.g. Connolly et al 1979). These have been 
shown by many laboratories to involve small G proteins of the Cdc-42/Rac/Rho 
family, which regulate the polymerization and turnover of F-actin (reviewed in 
Kjoller & Hall 1999, Bishop & Hall 2000). Several exchange factors for this 
family of G proteins are known to be expressed in neurons and to be regulated by 
tyrosine phosphorylation and/or phosphatidyl inositides generated by PI-3 kinase 
activity (e.g. Liu & Burridge 2000). Many of these are undoubtedly regulated by 
Trk receptor signaling. SOS also has a latent activity as an exchange factor for 
rac in addition to its activity as an exchange factor for ras (Nimnual et al 1998). 
Activated ras has been shown to activate the exchange factor activity of SOS for rac 
through a mechanism dependent on PI-3 kinase. Thus SOS provides a mechanism 
for the coordination of ras and rac activities. 

Control of Trk Signaling by Membrane Trafficking 

Recent work has added complexity to the scheme presented above by providing 
evidence that the ability of Trk receptors to activate specific signaling pathways is 
regulated by endocytosis and membrane sorting. It has long been appreciated that 
communication of survival signals from nerve terminals to neuronal cell bodies 
requires retrograde transport (e.g. Thoenen & Barde 1980). Several groups have 
demonstrated during the past few years that NGF and activated Trk receptors are 
transported together in endocytotic vesicles (e.g. Grimes et al 1997, Riccio et al 
1997, Tsui-Pierchala & Ginty 1999; CL Howe, E Beattie, JS Valletta, WC Mobley, 
unpublished observations). More recently, evidence has accumulated indicating 
that membrane sorting determines which pathways are activated by Trk recep- 
tors. In one set of experiments, cells were exposed to a complex of NGF and a 
monoclonal antibody (mAb) that does not interfere with receptor binding but in- 
duces unusually rapid internalization of the mAb-NGF-TrkA complex (Saragovi 
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et al 1998). This NGF-mAb complex was shown to promote transient MAP kinase 
activation, She phosphorylation, and PC 12 cell survival. In contrast, FRS-2 was not 
phosphorylated and the cells did not differentiate normally. The results suggest that 
recruitment of FRS-2 by ligand receptor complexes occurs on the cell surface with 
comparatively slow kinetics. Perhaps FRS-2, which is myristoylated, is segregated 
into a compartment that is not immediately accessible to the TrkA receptor. 

In another set of experiments, a thermosensitive dynamin that functions as 
a dominant negative protein at high temperature was used to reversibly inhibit 
ligand-receptor internalization (Zhang et al 2000). Inhibition of internalization did 
not inhibit survival of PC12 cells but did strongly inhibit their differentiation. This 
observation suggests that ligand-receptor complexes must be internalized to acti- 
vate efficiently pathways essential for differentiation. As previous work described 
above has strongly suggested that FRS-2 signaling through Crk is essential for 
prolonged MAP kinase activation and normal differentiation, the data suggest 
that activation of this pathway requires internalization of the NGF-TrkA signaling 
complex. 

Consistent with the involvement of PI-3 kinase products in endocytosis 
(Wendland et al 1998), inhibitors of PI-3 kinase have been shown to reduce retro- 
grade transport and to affect the activation of NGF-dependent intracellular signal- 
ing pathways (Kuruvilla et al 2000, York et al 2000). Activation of Ras has been 
shown to occur in the absence of TrkA internalization and absence of PI-3 kinase 
activity (York et al 2000). In contrast, activation of Rap- 1 and B-raf and sustained 
ERK activation require internalization and PI-3 kinase activity (York et al 2000). 
To activate B-raf, TrkA must be transported to a brefeldin-A-sensitive population 
of endosomes (C Wu, C-F Lai, WC Mobley, unpublished observations). Examina- 
tion of the distributions of Ras and Rap-1 provide a possible explanation. Although 
there is prominent expression of Ras on the cell surface, expression of Rap-1 ap- 
pears to be restricted to small intracellular vesicles. Thus, the data suggest that for 
TrkA to activate Rap-1 , which in turn activates B-raf and the ERK kinase cascade, 
it must be internalized into membrane vesicles that fuse with vesicles containing 
Rap-1 (York et al 2000, C Wu, C-F Lai, WC Mobley, unpublished observations). 
Thus, sustained activation of the ERK pathway, which is essential for normal differ- 
entiation, is regulated by both the kinetics and specificity of membrane transport 
and sorting. Because there are so many mechanisms for regulating membrane 
transport and sorting, these recent papers suggest many interesting directions for 
future research. 

Control of Trk Signaling by Other Adapters 

Results described above predict that both survival and differentiation pathways 
will depend on interactions of She or Frs-2 with the phosphorylated Y490 site. 
Despite this, mice homozygous for a targeted Y to F mutation of this site in 
TrkB are viable and have a much milder phenotype than is observed in mice 
lacking the TrkB kinase domain (Minichiello et al 1998). Clearly, other sites in 
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TrkB must be capable of activating intracellular signaling pathways important for 
neuronal survival and differentiation. Recent results of particular interest have 
suggested that the phosphorylated tyrosines in the activation loop of the Trk ty- 
rosine kinase domain have dual functions. In addition to controlling activity of 
the kinase, they appear to function as docking sites for adapter proteins. Grb- 
2 has been shown to interact directly with a phosphorylated tyrosine residue in 
2-hybrid assays and by coimmunoprecipitation (MacDonald et al 2000). Grb-2 
also interacts with other sites, including the PLC-y 1 site Y785, but it is not cer- 
tain these interactions are direct. Two additional adapters, rAPS and SH2-B, are 
similar proteins that contain a PH domain, an SH2 domain, and tyrosines phos- 
phorylated in response to Trk activation. Both have been shown to interact with 
phosphorylated tyrosines in the activation loops of all three Trk receptors (Qian 
et al 1998). Both of these adapter proteins may also interact with other sites in the 
Trk receptor cytoplasmic domains. These two proteins form homodimers and also 
associate with each other. Both also bind to Grb-2, providing a potential link to the 
PI-3 kinase and Ras signaling cascades. Antibody perturbation and transfections 
using dominant negative constructs implicate rAPS in NGF-dependent survival, 
MAP kinase activation, and neurite outgrowth in neonatal sympathetic neurons 
(Qian et al 1998). Taken together, these results indicate that initial models of Trk 
receptor signaling pathways were far simpler than Trk receptor signaling is in 
reality. 

Our current understanding of Trk receptor signaling is incomplete. First, not all 
functionally important interactions with Trk receptors may depend on phosphoty- 
rosine-dependent associations. Recent work suggests that the c-abl tyrosine kinase 
interacts with the juxtamembrane domain of TrkA, whether or not the tyrosines in 
this region are phosphorylated (Yano et al 2000). A deletion in this region has been 
shown to block differentiation of PC 12 cells without preventing mitotic responses 
or phosphorylation of SHC or FRS-2 (Meakin & MacDonald 1998). As c-abl is 
involved in many aspects of neuronal differentiation (e.g. see Hu & Reichardt 
1999), it will be interesting to determine whether it has a role in Trk-mediated 
signaling that is perturbed by this juxtamembrane deletion. 

To provide a few more examples of proteins whose roles in signaling pathways 
are poorly understood, in cultured cortical neurons, the insulin receptor substrates 
(IRS)-l and -2 are phosphorylated in response to BDNF, which promotes sustained 
association with and activation of PI-3 kinase (Yamada et al 1997, 1999). This is 
not seen after ligand engagement of Trk receptors in PC 12 cells, the most popular 
cellular model for neurotrophin signaling studies, which suggests that a critical 
adapter protein is missing from these cells. As another example, CHK, a cytoplas- 
mic protein kinase that is a homologue of CSK (control of src kinase), has been 
shown to interact with TrkA in PC 1 2 cells and to enhance ERK pathway-dependent 
responses, including neurite outgrowth (Yamashita et al 1999a). The pathway by 
which CHK affects ERK activation is not understood. Finally, a transmembrane 
protein with three extracellular immunoglobulin and four cytoplasmic tyrosine 
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motifs has been shown to provide a docking site for recruitment of the protein 
phosphatase Shp-2 and to enhance BDNF-dependent activation of the PI-3 kinase 
pathway by mechanisms not prevented by mutation of the four tyrosine residues 
(Araki et al 2000a,b). Again, mechanisms are not understood. 

In summary, although there has been rapid progress in understanding many 
pathways controlled by Trk receptor signaling, there are still many loose ends. 
This discussion has proceeded as if all signaling molecules were present in all 
cells, but this is certainly not so. Differences in their concentrations within dif- 
ferent neuronal populations undoubtedly contribute to the diversity of responses 
seen in different neuronal populations. From the discussion above, it would be 
obvious to assume that TrkA, TrkB, and TrkC each activate very similar signaling 
pathways because of the very high similarities between them in their cytoplas- 
mic domains. Although probably true, examples are described later in this review 
where it is clear that signaling through different Trk receptors has quite different 
actions on the same cell, as assessed by nonredundant effects on survival, differ- 
entiation, or axon guidance (e.g. Carroll et al 1998, Ming et al 1999). In some 
tumor cells, neurotrophin-activated Trk receptor signaling has even been shown 
to induce apoptosis (e.g. Kim et al 1999). Clearly, many of the most interesting 
details of signaling by these receptors remain to be discovered. 

p75NTR Receptor-Mediated Signaling Mechanisms: 
NF/crB Activation 

As mentioned previously, p75NTR binds with approximately equal affinity to 
each of the neurotrophins. Ligand engagement of p75NTR has been shown to 
promote survival of some cells and apoptosis of others (e.g. Barrett & Bartlett 
1994). p75NTR-mediated signaling also affects axonal outgrowth both in vivo and 
in vitro (e.g. Bentley & Lee 2000, Yamashita et al 1999b; Walsh et al 1999a,b). 

Several signaling pathways are activated by p75NTR and in some cases the 
pathways are known in detail (see Figure 2). An important pathway promoting 
cell survival of many cell populations involves activation of NFkB. For example, 
cytokines promote neuronal survival by activation of the NF/cB signaling pathway 
(Middleton et al 2000). In both embryonic sensory and sympathetic neurons, neu- 
rotrophins have been shown to promote p75NTR-dependent activation of NF/cB 
and NF/cB-dependent neuronal survival (Maggirwar et al 1998, Hamanoue et al 
1999). All neurotrophins have been shown to promote association of p75NTR with 
the adapter protein TRAF-6 (Khursigara et al 1999). In other systems, TRAF-6 
has been shown to activate the protein kinase NIK (NF/cB-interacting kinase), 
which phosphorylates IKK (inhibitor of IkB kinase), which in turn phosphory- 
lates IkB, resulting in release and nuclear translocation of NFkB (reviewed in 
Arch et al 1998). It is interesting that although all neurotrophins bind to p75NTR, 
in rat Schwann cells, only NGF is able to induce NFkB nuclear translocation 
(Carter etal 1996). 
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p75NTR Receptor-Mediated Signaling Mechanisms: 
Jun Kinase Activation 

The Jun kinase signaling cascade is activated following NGF withdrawal and by 
binding of neurotrophins to p75NTR (Xia et al 1995, Eilers et al 1998, Aloyz 
et al 1998). Apoptosis mediated by p75NTR requires activation of p53 through 
the Jun kinase-mediated signaling pathway (Aloyz et al 1998). P53 controls cell 
survival in many cells besides neurons (e.g. Agarwal et al 1998). Among its tar- 
gets, the activation of the Jun kinase cascade has been shown to induce expres- 
sion of Fas ligand in neuronal cells, which promotes apoptosis by binding to the 
Fas receptor (Le-Niculescu et al 1999). p53 has many gene targets, including 
the proapoptic gene Bax. In both PC 12 cells and sympathetic neurons, activa- 
tion of the Jun kinase cascade and apoptosis following trophic withdrawal involve 
Cdc-42 because apoptosis is strongly inhibited by a dominant negative Cdc-42 
(Bazenet et al 1998). The MAP kinase kinase kinase named apoptosis signal- 
regulating kinase-1 (ASK1) is in the pathway controlled by Cdc-42 because over- 
expression of a kinase-inactive mutant of ASK-1 strongly inhibits cell death pro- 
moted by either NGF withdrawal or expression of a constitutively active Cdc-42 
(Kanamoto et al 2000). The kinase providing a link between ASK-1 and Jun ki- 
nase has not been identified but may be the Jun kinase kinase named MKK7 
in sympathetic neurons (Kanamoto et al 2000). Embryos lacking both JNK1 
and JNK2 show aberrant, region-specific perturbations of neuronal cell apoptosis 
in early brain development (Kuan et al 1999), whereas the neurons of animals 
lacking JNK3 are resistant to excitoxicity-induced apoptosis (Yang et al 1997). 
Thus, the Jun kinase cascade is important in regulating apoptosis of neurons 
in vivo. 

p75NTR Receptor-Mediated Stimulation 
of Sphingolipid Turnover 

Ligand engagement of p75NTR has also been shown to activate acidic sphin- 
gomyelinase, which results in generation of ceramide (Dobrowsky et al 1995). 
Ceramide has been shown to promote apoptosis and mitogenic responses in differ- 
ent cell types through control of many signaling pathways, including the ERK and 
Jun kinase cascades andNF/cB. For example, ceramide binds to Raf and may induce 
formation of inactive Ras-Raf complexes, effectively inhibiting the ERK signaling 
cascade (Muller et al 1998). Many groups have shown that ceramide also inhibits 
signaling mediated through PI-3 kinase (e.g. Zhou et al 1 998). Recent experiments 
suggest that ceramide inhibits the activity of PI-3 kinase in cells by modifying the 
association of receptor tyrosine kinases and PI-3 kinase with caveolin-1 in lipid 
rafts (Zundel et al 2000). In fibroblasts, the sensitivity of growth factor-stimulated 
PI-3 kinase activity to ceramide inhibition was increased and decreased by over- 
expression and reduced expression of caveolin-1, respectively. Ceramide may also 
inhibit directly PI-3 kinase activity (Zhou et al 1998). Thus, ceramide inhibits at 
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least two of the survival and differentiation-promoting pathways activated by Trk 
receptor signaling. 

Adapter Proteins That Bind to p75NTR 

In addition to TRAF-6, several additional proteins that interact with p75NTR 
have been identified, each of which is a candidate to mediate Jun kinase acti- 
vation or sphingolipid turnover. NRIF (neurotrophin receptor interacting factor) 
is a widely expressed Zn-finger— containing protein that interacts with both the 
juxtamembrane and death domains of p75NTR (Casademunt et al 1999). Over- 
expression of NRIF has been shown to kill cells in culture, and in mice lacking 
NRIF, there are reductions in developmentally regulated cell death among neu- 
ronal populations that are very similar to the reductions observed in mice lacking 
p75NTR. At this time, it is not known whether NRIF's activity or association with 
p75NTR is regulated by neurotrophins. It is also unclear which downstream sig- 
naling pathways are activated by this interesting protein. Another protein named 
NRAGE [neurotrophin receptor-interacting MAGE (melanoma-associated anti- 
gen) homologue] has recently been shown to associate with p75NTR and to be 
recruited to the plasma membrane when NGF is bound to p75NTR (Salehi et al 
2000). NRAGE prevents the association of p75NTR with TrkA, and overexpres- 
sion of NRAGE promotes NGF-stimulated, p75NTR-dependent cell cycle arrest 
and death of MAH (v-myc-infected, adrenal-derived, HNK-1 -positive) cells. SC-1 
(Schwann cell-1) is a distinct Zn-finger-containing protein, which has been shown 
to associate with p75NTR and to redistribute from the cytoplasm to the nucleus 
after treatment of p75-expressing cos cells with NGF (Chittka & Chao 1999). 
Nuclear expression of SC-1 correlates with cell cycle arrest, which suggests that 
nuclear localization of this protein may be involved causally in growth arrest. Thus, 
both NRAGE and SC-1 appear to be interesting proteins involved in the signaling 
events promoted by p75NTR. Finally, when overexpressed in 293 cells, several 
(TNF receptor-associated factor) proteins in addition to TRAF-2 can associate 
with either monomelic or dimeric p75NTR, and some of these promote apoptosis 
of these cells (Ye et al 1999). Although the interactions of these adapter proteins 
with p75NTR are interesting, much work remains to be done to characterize their 
expression patterns and signaling mechanisms in neurons. 

Control of the Cytoskeleton by p75NTR 

In addition to regulating neuronal cell survival, ligand engagement of p75NTR 
has been reported to directly enhance neurite outgrowth by ciliary neurons in cul- 
ture (e.g. Yamashita et al 1999b). In contrast, it inhibits neurite outgrowth by 
sympathetic neurons in culture (Kohn et al 1999). Sensory and motor neurons ex- 
tend axons more slowly toward their peripheral targets in mouse embryos lacking 
p75NTR (Yamashita et al 1999b, Bentley & Lee 2000). In adult animals, perturba- 
tions of target innervation patterns are also seen in these mice with some, but not 
all, targets lacking normal innervation (e.g. Lee et al 1994a, Peterson et al 1999, 
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Kohn et al 1999). Recent work has demonstrated an interaction between p75NTR 
and RhoA (Yamashita et al 1 999b). p75NTR was observed to activate RhoA. Neu- 
rotrophin binding to p75NTR eliminated activation of RhoA by p75NTR. Phar- 
macological inactivation of RhoA and ligand engagement of p75NTR have similar 
stimulatory effects on neurite outgrowth by ciliary ganglion neurons, a neuronal 
population that does not express Trk receptors. Results from this interesting paper 
suggest that unliganded p75NTR tonically activates RhoA, which in turn is known 
to reduce growth cone motility. This observation does not provide an immedi- 
ately obvious explanation for the reduced axon outgrowth by sensory and motor 
neurons observed in embryonic p75NTR-/- animals. Perhaps the presence of 
ligand-engaged p75 effectively sequesters RhoA in its inactive form. Alternatively, 
the presence of p75NTR has been shown to promote retrograde transport of NGF, 
BDNF, and NT-4 (Curtis et al 1 995, Harrison et al 2000). Reductions in retrograde 
transport may result in reduced axon growth and neuronal survival. As a third pos- 
sibility, Schwann cell migration has been shown to depend on p75NTR-mediated 
signaling and is clearly deficient in this mutant (Anton et al 1994, Bentley & Lee 
2000). Perhaps deficits in Schwann cell migration indirectly reduce the rate of 
axonal outgrowth. 

Reciprocal Regulation of Signaling 
by Trk Receptors and p75NTR 

Activation of Trk receptors has profound effects on p75NTR-dependent signaling. 
Neurotrophins are much more effective at inducing apoptosis through p75NTR in 
the absence than in the presence of Trk receptor activation (e.g. Davey & Davies 
1 998, Yoon et al 1 998). In the initial experiments demonstrating that NGF induced 
sphingomyelin hydrolysis and ceramide production, activation of a Trk receptor 
was shown to completely suppress this response (Dobrowsky et al 1995). Trk re- 
ceptor activation also suppresses activation of the Jun kinase cascade (Yoon et al 
1998). Activation of Ras in sympathetic neurons has been shown to suppress the 
Jun kinase cascade (Mazzoni et al 1999). In these neurons, activation by Ras of 
PI-3 kinase is essential for efficient suppression of this cascade. In recent stud- 
ies utilizing nonneural cells, c-raf has been shown to bind, phosphorylate, and 
inactivate ASK-1 (Chen & Fu 2000). If this pathway functions efficiently in neu- 
rons, it provides a mechanism by which activation of Trk receptors may suppress 
p75NTR-mediated signaling through the Jun kinase cascade. It is notable that al- 
though Trk receptor kinase-mediated signaling suppresses proapoptotic responses 
mediated by p75NTR, Trk signaling does not inhibit induction by p75NTR of the 
NF*rB cascade (Yoon et al 1998). Thus, in the presence of Trk signaling, activation 
of the NF/cB cascade makes a synergistic contribution to survival (Maggirwar et al 
1998, Hamanoue et al 1999). 

Although kinase activity of Trk receptors suppresses signaling pathways medi- 
ated by p75NTR, Trk signaling is not invariably completely efficient at suppress- 
ing p75NTR-mediated apoptosis. NGF is able to increase apoptosis of cultured 
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motoneurons from wild-type but not from p75NTR— /— embryos (Wiese et al 
1999). In PC 12 cells, BDNF binding to p75NTR has been reported to reduce 
NGF-dependent autophosphorylation of TrkA, possibly by promoting phospho- 
rylation of a serine residue in the TrkA cytoplasmic domain (MacPhee & Barker 
1997). 

The overall picture that emerges from these studies is that the proapoptotic 
signals of p75NTR are largely suppressed by activation of Ras and PI-3 kinase 
by neurotrophins. Thus, p75NTR appears to refine the ligand-specificity of Trk 
receptors and may promote elimination of neurons not exposed to an appropri- 
ate neurotrophic factor environment. Consistent with this possibility, reductions 
in apoptosis have been observed in the retina and spinal cord in p75NTR— /— 
embryos (Frade & Barde 1999). It is less obvious why there are fewer sensory 
neurons in p75NTR mutant animals (Stucky & Koltzenburg 1997). The reductions 
in retrograde transport of many neurotrophins observed in the p75NTR mutant 
may increase apoptosis. In addition, the reduced rate of sensory axon outgrowth 
observed in these animals may create situations where axons are not exposed to 
adequate levels of neurotrophins. As neurotrophin expression is regulated during 
development by local tissue interactions not dependent on innervation (Patapoutian 
et al 1999), delays in innervation could have catastrophic consequences. 



The important experiments described above of Hamburger, Levi-Montalcini, and 
later workers demonstrated that NGF has essential roles in maintaining the viability 
of nociceptive sensory and sympathetic neurons in vivo (see Levi-Montalcini 1 987, 
Purves 1988). These results suggested that all neurons may depend on trophic sup- 
port derived from their targets for continued survival, not only during development 
but also in the adult nervous system. The observations also raised the possibility 
that neural precursors and developing neurons whose axons have not contacted 
their ultimate targets may also require trophic support. 

Major extensions of this work have been made possible by development of 
gene targeting technology. With this technology, mice with deletions in genes en- 
coding each of the neurotrophins and their receptors have been generated. Mice 
with deletions in almost all of the genes encoding GDNF, GDNF family members, 
and their receptors are also available and the few exceptions will almost certainly 
become available shortly. A summary of neuronal losses in the various knockouts 
of the neurotrophic factors and their receptors is presented in Table 1 and Table 2, 
In addition, Figure 3 provides a schematic overview of these losses in the peripheral 
nervous system. In many instances, a particular ganglion has not been examined 
in an individual mutant, frequently because the known expression of the receptor 
or responsiveness of the neurons in cell culture made a phenotype appear very un- 
likely. In other instances, the initial report focused on the most obvious phenotype, 
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Figure 3 Summary of survival functions of neurotrophins in the peripheral nervous system. 
This diagram illustrates various components in the peripheral nervous system, including sensory 
ganglia, sympathetic ganglia, and enteric neurons. Only ligands or receptors with definitive loss 
of function phenotype are indicated in this figure. Ligands are indicated in italics and receptors 
are indicated in bold italics. (See text for abbreviations.) 



and examination of other possible phenotypes was deferred, often indefinitely. To 
summarize briefly, cranial ganglia neurons that transmit different modalities of 
sensory information tend to be segregated into different ganglia, so neurons in 
specific ganglia are often dramatically affected by loss of an individual signaling 
pathway. Within DRG sensory ganglia, modalities are mixed and mutants typically 
have severe effects only on functionally distinct subpopulations of cells. 

Sensory Ganglia Survival 

Trigeminal and Dorsal Root Ganglia In DRG and trigeminal ganglia, neurons 
conveying different modalities of sensory information are present in the same 
ganglion, and substantial progress has been made in demonstrating differential 
neurotrophic factor dependencies of neurons with different sensory modalities. 
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Thus, almost all nociceptive neurons express TrkA at some time during their 
development, and essentially all of these neurons are lost in the TrkA and NGF 
mutants (Crowley et al 1994, Smeyne et al 1994). A second major population of 
DRG neurons expresses TrkC from the time of initial neurogenesis. Most of these 
neurons differentiate into proprioceptive neurons conveying information from end 
organs, such as muscle spindles and tendon organs. At spinal cord levels, these 
neurons are completely lost in NT-3 and TrkC mutants together with end organs, 
such as muscle spindles, whose morphogenesis requires the presence of sensory 
axons. NT-3 expression is observed in both muscle spindles and the ventral spinal 
cord, both targets of proprioceptive la afferents, consistent with NT-3 functioning 
as a target-derived trophic factor. These neurons are lost almost immediately after 
neurogenesis, however, which suggests that they depend on NT-3 provided initially 
by intermediate targets (e.g. Farinas et al 1996). 

The expression patterns of Trk receptors in sensory neurons of mouse DRG 
and trigeminal ganglia have been characterized and correlate with the neuronal 
deficits in these ganglia. It has become clear that most neurons in both ganglia in 
mice, with few exceptions, express one Trk receptor during neurogenesis (Farinas 
et al 1998, Huang et al 1999a). Although expression of Trk receptors remains 
unchanged in most sensory neurons, a small fraction of neurons show dynamic 
changes in switching of neurotrophin receptors and neurotrophin dependence (see, 
e.g. Enokido et al 1999). 

Several transcription factors have been shown to regulate expression of Trk 
receptors in sensory ganglia. For instance, targeted deletion of the POU domain 
transcription factor Pou4fl (Brn-3a/Brn-3.0) prevents initiation of TrkC expres- 
sion in the trigeminal ganglion and results in downregulation of TrkA and TrkB in 
this ganglion at later times, resulting in apoptosis of neurotrophin-dependent neu- 
rons (McEvilly et al 1996, Huang et al 1999b). Absence of Pou4fl also prevents 
normal expression of TrkC in the spiral ganglion (W Liu, EJ Huang, B Fritzsch, 
LF Reichardt, M Xiang, unpublished observations). The basic helix-loop-helix 
(bHLH) factor NeuroD also controls regulation of Trk receptor expression. Its ab- 
sence results in severely reduced expression of TrkB and of TrkC in the embryonic 
vestibulocochlear ganglion (Kim et al 200 1 ). Expression of TrkB and TrkC appears 
to be relatively normal in the trigeminal ganglion in this mutant, so the effects of 
this mutation on Trk receptor expression are surprisingly specific. Consistent with 
this, a recent analysis of m-elements in the TrkA enhancer has identified sites 
required for global expression and sites that are specifically required for expres- 
sion within sympathetic, DRG, or trigeminal neurons (Ma et al 2000). Thus, the 
transcriptional machinery that specifies TrkA expression is not the same in each 
of these neuronal populations. The specificity in the phenotypes of the mutants 
described above implies that transcriptional control of TrkB and TrkC must be 
equally complex. In summary, these results show that accurate control of the tran- 
scription of neurotrophin receptor genes is essential for ensuring normal neuronal 
survival and differentiation. In order to extend this work, it will be necessary to 
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characterize the transcriptional machinery in each population of neurotrophin- 
responsive neurons. 

Cutaneous Sensory Receptors and Innervation Within both DRG and trige- 
minal ganglia, a well-defined subpopulation of the nociceptive neurons initiates 
expression of c-ret plus one or more of the GFR (GDNF family receptor)-** adapter 
subunits, eventually losing expression of TrkA (Molliver et al 1997, Huang et al 
1999b). These neurons appear to be affected in mutants lacking constituents of 
these signaling pathways. In some instances, mutations have been shown to result 
in almost complete deficits in innervation of peripheral targets. For example, there 
are specific deficits in transverse lanceolate endings and reticular endings within 
the hair follicle in GDNF mutant heterozygotes, whereas other endings are not 
detectably affected (Fundin et al 1999). 

Analyses of neurotrophin mutants also provided important information regard- 
ing the roles of neurotrophins in the development of cutaneous receptors. For 
example, in addition to the deficit in proprioceptors, NT-3 deficiency has been 
shown to result in deficits in specific cutaneous [D-hair (Down hair receptor) and 
SA (slow-adapting)] innervation and the development of Merkel cells (Airaksinen 
et al 1996), which are manifested only postnatally. The time course of develop- 
ment of these deficits indicates that NT-3 functions as a target-derived trophic 
factor for these neurons. NT-4 also functions as an essential survival factor for 
D-hair afFerents (Stucky et al 1998). The dependence of these neurons on NT-4 
appears to follow their dependence on NT-3. Unlike NT-4, BDNF is required for 
the survival of mechanical functions of SA fibers but plays no role in the survival 
of D-hair receptors (Carroll et al 1998). Together, these data indicate that BDNF 
and NT-4 have distinct, nonoverlapping roles in cutaneous innervation and that 
the expression of these neurotrophins may show spatial or temporal differences 
during the development of cutaneous receptors. 

The presence of NT-4 has also been shown recently to be required for normal 
survival of TrkB-expressing DRG sensory neurons at the time of DRG formation 
(Liebl et al 2000). Since D-hair afFerents are present during the first few postnatal 
weeks in the NT-4 mutant (Stucky et al 1998), they cannot be derived from this 
embryonic population of TrkB-expressing neurons. 

Trigeminal Mesencephalic Nucleus The trigeminal mesencephalic neurons are 
a group of neural crest-derived sensory neurons that reside in the brainstem at 
the pontomedullary junction. These neurons morphologically resemble sensory 
neurons in the peripheral ganglia and convey proprioceptive information from the 
head region. However, unlike proprioceptive neurons at the trunk level, which 
are completely dependent on NT-3, trigeminal mesencephalic neurons are only 
partially lost in the absence of NT-3 or TrkC, and partial neuronal deficits are also 
generated by the loss of BDNF or TrkB (Fan et al 2000, Matsuo et al 2000). It is 
interesting that the majority of these neurons are lost in double mutants lacking 
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NT-3 and BDNF, and all these neurons are lost in triple mutants lacking NT-3, 
BDNF, and NT-4 (Fan et al 2000). Expression of a BDNF iacZ reporter has been 
detected in a subset of muscle spindles in one target of these neurons, the masseter 
muscle. It seems likely that each of the neurotrophins will prove to be expressed 
in subsets of these spindles, and that this explains why each neurotrophin supports 
the survival of a subset of these neurons. 

Vestibular and Cochlear (Spiral) Ganglia During development, these two gan- 
glia first emerge as one single ganglion, which subsequently separates into two 
distinct ganglia that innervate the semicircular canals and cochlea. Because of their 
well-documented axon projection patterns, the vestibular and cochlear ganglia are 
an ideal system in which to investigate the effect of neurotrophins. The initial 
analyses of neurotrophin mutants showed that almost all neurons in the vestibular 
ganglion depend on BDNF for survival, whereas the vast majority of neurons in 
the cochlear (spiral) ganglion require NT-3 (Ernfors et al 1994 a,b; Jones et al 
1994; Farinas et al 1994). In a double NT-3/BDNF mutant, essentially all neurons 
in both ganglia are lost (Ernfors et al 1995). 

The apparent dependence of separate populations of cochlear neurons on these 
two neurotrophins has stimulated investigations to understand the differences in 
the neurons or cochlea that explain the phenotypes. The first publications suggested 
that cell type-specific expression of NT-3 in inner hair cells and BDNF in outer hair 
cells controls the survival of the type I and type II neurons, which are responsible, 
respectively, for innervating each of these two hair cell populations (Ernfors et al 
1995). Absence of TrkC was reported to result in preferential loss of innervation of 
inner hair cells, whereas deficiency in TrkB appeared to cause loss of innervation 
to outer hair cells (Schimmang et al 1995). Later investigations challenged these 
data, however, because neuronal losses and innervation deficits in these two sets 
of mutants were shown not to be distributed uniformly throughout the cochlea but 
to be distributed in gradients along the cochlear turns (Fritzsch et al 1997, 1998). 
Neurons in the basal turn of the cochlea were completely missing whereas those 
in the apical turn were much more mildly affected in the NT-3 and TrkC mutants. 
In the BDNF and TrkB mutants, the only obvious deficits were observed among 
neurons in the apical turn (Bianchi et al 1996, Fritzsch et al 1997, 1998). 

Recent observations demonstrate that all neurons in the cochlear (spiral) gan- 
glion express both TrkB and TrkC, indicating that they can be supported by either 
neurotrophin (I Farinas, KR Jones, L Tessarollo, AJ Vigers, E Huang, M Kirstein, 
DC De Caprona, V Coppola, C Backus, LF Reichardt, B Fritzsch, unpublished 
observations). The phenotype of the NT-3 mutant can be explained by a spatial 
apical-to-basal gradient of BDNF expression, which in the absence of NT-3 causes 
a complete absence of trophic support for these neurons in the basal turn during a 
brief, but crucial, period of development. Using a 0-galactosidase (LacZ) reporter 
integrated into either the NT-3 (NT-3 hcZ ) or BDNF (BDNF iacZ ) locus to monitor 
gene expression, rapid changes in the expression patterns of both neurotrophins 
were seen as development proceeded. Approximately one day before the loss of 
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neurons in the NTS mutant, however, expression of BDNF was barely detectable 
in the cochlea, with only weak expression in the apical turn and no detectable ex- 
pression in the developing middle and basal turns. This suggested that in the NT-3 
mutant, neurons were lost in the basal turn because BDNF was not present there to 
compensate for its absence, whereas neurons were partially spared in the apical turn 
because of the presence of low levels of BDNF. This model predicts that expres- 
sion of BDNF under control of the NT-3 gene promoter and regulatory elements 
will rescue neuronal losses in the NT-3 mutant. This mouse has been generated 
and hpmozygotes are completely deficient in NT-3 (V Coppola, J Kucera, ME 
Palko, J Martinez-De Velasco, WE Lyons, B Fritzsch, L Tessarollo, unpublished 
observations). As predicted, neurons innervate normally all regions of the cochlea, 
including the basal turn, at El 3.5 and P0, and there is almost complete rescue of 
basal turn spiral neurons (I Farinas, KR Jones, L Tessarollo, AJ Vigers, E Huang, 
M Kirstein, DC De Caprona, V Coppola, C Backus, LF Reichardt, B Fritzsch, un- 
published observations; V Coppola, J Kucera, ME Palko, J Martinez-De Velasco, 
WE Lyons, B Fritzsch, L Tessarollo, unpublished observations). Thus, there is 
convincing evidence that a spatial-temporal gradient of neurotrophin expression 
controls survival of these cells. 

Nodose-Petrosal Ganglion The nodose-petrosal ganglion contains neurons that 
are responsible for visceral sensory innervation. In this ganglion, all neurons ex- 
press TrkB (Huang et al 1 999a) and are lost in the BDNF-NT-4 double mutant or in 
the TrkB mutant (Conover et al 1995). Approximately half of the nodose-petrosal 
neurons are lost in the absence of either BDNF orNT-4 alone. The dopaminergic 
neurons responsible for innervation of the carotid body and other sensors of blood 
pH and pressure are completely dependent on BDNF, which is synthesized by 
these target organs during the initial period of innervation (Erickson et al 1996, 
Brady et al 1999). Thus, mice lacking BDNF show lack of innervation to chemo- 
and baroreceptors, resulting in deficits in control of breathing. In this ganglion, 
a neuron appears to depend on either BDNF or NT-4 alone, depending on which 
neurotrophin is expressed in the target that it innervates. 

Sympathetic Ganglia Survival 

Other populations of peripheral neurons also show strong dependencies on parti- 
cular signaling pathways. As expected from the work of Levi-Montalcini, sympa- 
thetic neurons are almost completely lost in the absence of NGF to TrkA signaling 
(Crowley et al 1994, Smeyne et al 1994). Consistent with the expression patterns 
of TrkA in the sympathetic neurons, extensive cell death occurs perinatally in 
the sympathetic ganglion of TrkA mutants. In fact, a significant deficit is already 
present at El 7.5 and develops progressively after birth (Fagan et al 1996). Unlike 
the prominent effects of NGF/TrkA on sympathetic neurons, the view on how NT-3 
affects the development of sympathetic neurons has undergone a major revision in 
recent years. A number of experiments demonstrate that NT-3 is able to support 
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the survival of early sympathetic neuroblasts in vitro (Birren et al 1993, Verdi & 
Anderson 1994, Verdi et al 1996). Consistent with these results, TrkC mRNA has 
been detected in early sympathetic ganglia. It is interesting that the level of TrkC 
mRNA decreases in sympathetic ganglion during late embryogenesis as the ex- 
pression of TrkA increases. These studies suggested that NT-3 signaling through 
TrkC followed by NGF signaling through TrkA provides sequential support for 
cells in sympathetic ganglia during early and late stages of development, respec- 
tively. Therefore, it was not surprising when an initial analysis of the NT-3 mutant 
reported an increase of cell death among proliferating sympathetic precursor cells 
during initial formation of this ganglion (ElShamy et al 1996). However, no deficit 
was detected in a TrkC mutant (Fagan et al 1 996), and later workers examining the 
NT-3 mutant have not detected an early phenotype in either precursors or neurons 
(Wyatt et al 1997, Francis et al 1999). Instead, the deficits in the NT-3 and NGF 
mutants appeared after E15.5 and developed during very similar stages of devel- 
opment (Wyatt et al 1997, Francis et al 1999). In agreement with these findings; 
NT~3 lacZ is expressed in the target tissues of sympathetic innervation but is not 
present in or around the ganglion before E15.5 (Francis et al 1999). Thus, these 
data indicate that NT-3 and NGF are both required for the survival of sympathetic 
neurons, not neuroblasts. Because no deficits are seen in the TrkC mutant, the 
survival-promoting effects of NT-3 must be transmitted through TrkA. The ability 
of TrkA to mediate NT-3 signaling during development is promoted by the absence; 
of p75NTR (Brennan et al 1999). 

Although recent results do not support the concept that NT-3 and NGF act 
sequentially during development of sympathetic ganglia, members of the GDNF 
family of ligands do play essential early roles in development of one sympa- 
thetic ganglion, the superior cervical ganglion (SCG). The requirement for GDNF 
family members clearly precedes the dependence of SCG neurons on NT-3, NGF, 
and TrkA. Initially, mice lacking c-ret, the tyrosine kinase activated by GDNF, 
were shown to lack all neurons in the SCG without any obvious phenotype in 
the sympathetic chain at the trunk level (Durbec et al 1996). The absence of c-ret 
was shown to result in loss of a common set of neural crest-derived precursors 
for both the SCG and the enteric nervous system. In the absence of c-ret, these 
cells failed to survive and migrate to the future site of the SCG from the vicinity 
of the postotic hindbrain. More recently, mice lacking the GFRof3 binding sub- 
unit have been shown to have a somewhat similar, but significantly less severe, 
deficit attributable in part to an effect on early precursors of the SCG (Nishino et al 
1999). GFRa3 mediates activation of c-ret by Artemin, a protein closely related to 
GDNF. In mice lacking GFRa3, the initial ventral migration to the aorta of SCG 
precursors is not obviously perturbed, but a later rostral migration to the future 
site of the SCG does not occur. Although a majority of the precursors exit the cell 
cycle and differentiate into immature neurons, these neurons do not mature, are 
not successful in contacting their normal targets, and undergo progressive, largely 
postnatal apoptosis. Artemin is expressed in the vicinity of the SCG precursors at 
El 2.5, so a deficit in Artemin-mediated signaling is very likely to account for the 
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early deficit in migration and may explain the later phenotype also. Because the 
deficit in the GFRa3 mutant is clearly less severe than that in the c-ret mutant, 
signaling through other adapter subunits must contribute to early development of 
SCG precursors. No deficit within the SCG has been reported in mice lacking the 
GFRa 1 or GFRa2 subunits (Cacalano et al 1 998, Rossi et al 1 999). The phenotype 
of mice lacking the GFRa4 subunit has not been reported. It will be interesting to 
see whether double or triple mutants in GFRot subunit genes develop a phenotype 
in the SCG that is as severe as that observed in the c-ret mutant. Mice lacking 
GDNF have approximately 35% fewer SCG neurons at birth than do control ani- 
mals (Moore et al 1996). Although the embryonic development of this phenotype 
has not been studied, it seems likely that a deficit in GDNF-mediated signaling 
contributes to the very early phenotype seen in the c-ret mutant. 

Parasympathetic Ganglia and Enteric Neuron Survival 

Enteric neurons in the intestine are almost completely lost in the absence of GDNF, 
GFRa 1, or c-ret, and mice lacking neurturin or GFRa2 have neurons of reduced 
size with less fiber density (Table 2) (Sanchez et al 1996, Pichel et al 1996, Moore 
et al 1996, Durbec et al 1996, Cacalano et al 1998, Enomoto et al 1998). Absence 
of c-ret appears to affect not only early survival and migration of precursors, 
but also later differentiation of the precursors and the neurons arising from them 
(Pachnis et al 1998, Taraviras et al 1999, Natarajan et al 1999). C-ret is also 
required for normal development of the human enteric nervous system. Patients 
with Hirschsprung's disease (or congenital megacolon) have been shown to have 
mutations in c-ret, which results in impaired migration of enteric neurons into the 
colon (Romeo et al 1994, Edery et al 1994). 

The trophic factor dependencies of parasympathetic neurons are less completely 
defined. The GFRa2 subunit and c-ret are expressed in parasympathetic neurons 
(e.g. Nishino et al 1999), and major deficits in several parasympathetic ganglia have 
been detected in mice lacking Neurturin or GFRa2 (Rossi et al 1999, Heuckeroth 
et al 1999). No deficits have been reported in mice lacking GFRal, GFRa3, or 
GDNF. However, parasympathetic ganglia may have been examined closely only 
in the GFRa3 mutants (Nishino et al 1999). These neurons are not affected by 
mutations in any of the neurotrophin or Trk receptor genes. 

Motor Neuron Survival 

With the exception of NGF, each of the neurotrophins is able to promote survival 
of purified motor neurons in vitro (reviewed in Reichardt & Farinas 1997). GDNF, 
CNTF, and other CNTF-related cytokines are also potent survival factors for these 
neurons in vitro. Despite this, the vast majority of motor neurons are spared in mice 
lacking any single one of these factors in vivo. For example, no single neurotrophin 
or Trk mutant has a significant reduction in total number of motor neurons. Even a 
triple mutant lacking BDNF, NT-3, and NT-4 has only a 20% deficit in facial and 
spinal motor neurons (Liu & Jaenisch 2000). Deficits in the GDNF and GFRctl 
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mutants are small, approximately 20% in the spinal motor neuron population. The 
most severe deficits were seen in mice lacking either the CNTF receptor-a or 
the leukemia inhibitory factor receptor-/* subunit, where deficits of approximately 
40% were reported in the facial motor nucleus (see Reichardt & Farinas 1997). 
Until recently, these results were believed to reflect functional redundancy, i.e. the 
concept that any motor neuron has access to multiple trophic factors in vivo; 
However, more recent data suggest strongly that different motor neuron pools are 
dependent on different trophic factors and that the deficits observed in mutants 
are small because there is so much diversity in the trophic factor dependence of 
the different pools. Analysis of the NTS mutant argued several years ago that 
continued survival of y -motor neurons requires the presence of this neurotrophin 
(Kucera et al 1995). These efferents innervate muscle spindles, which express 
NT-3. These spindles are also innervated by NT-3~dependent sensory neurons, 
so motor neurons and sensory neurons that innervate the same end organ appear 
to require the same neurotrophin. In contrast, survival of a-motor neurons that 
innervate skeletal myorubes is not detectably reduced in the NTS mutant (Kucera 
et al 1995). During the past several years, different pools of motor neurons have 
been shown to express different combinations of transcription factors (e.g. Tanabe 
& Jessell 1996) and receptors for neurotrophic substances (e.g. Oppenheim et al 
2000, Garces et al 2000). Recently, analyses of the GDNF and GFRal mutants 
have shown that specific pools and subpopulations of motor neurons are severely 
affected in each mutant, whereas other pools and subpopulations are not detectably 
affected (e.g. Oppenheim et al 2000, Garces et al 2000). When these studies are 
extended to other mutants, it now seems likely that mice lacking individual trophic 
factors or their receptors will prove to have severe deficits in individual populations 
of motor neurons. 

CNS Neuron Survival 

Perhaps most striking of all is the paucity of survival deficits observed in popu- 
lations of CNS neurons, many of which are responsive to these same factors in 
cell culture. For example, CNS neurons responsive to NGF in vitro include basal 
forebrain and striatal cholinergic neurons. Although differentiation of these neu- 
rons is affected (Smeyne et al 1994), survival of these populations is not detectably 
affected perinatally in the NGF or TrkA knockout animals. Postnatal atrophy of 
NGF-dependent populations of cholinergic forebrain neurons has been observed 
in adult NGF mutant heterozygotes, however; thus, these neurons appear to retain 
some dependence on this neurotrophin (Chen et al 1997). 

BDNF and NT-4— responsive neurons include cerebellar granule cells, mesen- 
cephalic dopaminergic neurons, and retinal ganglion cells. Although a modest 
increase in postnatal apoptosis of hippocampal and cerebellar granule cells is ob- 
served in TrkB and TrkB/TrkC mutants (Minichiello & Klein 1996, Alcantara et al 
1997), it is not comparable to the dramatic losses observed in these same mutant 
animals in sensory neurons. To examine the roles of TrkB in the maintenance and 



NEUTROPHINS IN NEURONAL DEVELOPMENT 



705 



function of adult nervous system, mice with cell type-specific deletions of TrkB 
have been generated using the Cre/loxP recombination system (Minichiello et al 
1999, Xu et al 2000b). Selective deletion of TrkB in the pyramidal neurons of the 
neocortex leads to altered dendritic arborization and compression in cortical layers 
II/III and V (Xu et al 2000b). At later times, loss of TrkB also results in progres- 
sive elimination of SCIP (suppressed, cAMP-inducible POU)-expressing neurons 
in the somatosensory and visual cortices, whereas the Otx-l-expressing neurons 
are not lost (Xu et al 2000b). Taken together, the data described above indicate that 
neurotrophin-mediated signaling through TrkB is important for maintaining sur- 
vival of neuronal populations in the CNS. Because weeks, not hours, are required 
to observe significant losses of neurons, it is uncertain whether interruption of the 
same signaling pathways important for survival of peripheral neurons accounts for 
these phenotypes. 

Multiple Neurotrophic Factor Dependence 

In summarizing dependencies of sensory neurons on neurotrophins, it is worth 
noting that, in general, the neurotrophin and Trk receptor mutant phenotypes are 
consistent with in vitro observations of ligand and receptor specificities. Analyses 
of the mutant phenotypes have provided valuable information for reconstructing 
at least four models that demonstrate unique receptor-ligand interactions in indi- 
vidual sensory ganglia. In the first model, a single neurotrophin appears to interact 
with a sole receptor. As a result, absence of either the ligand or receptor results in a 
similar phenotype. As one example, both the NGF and TrkA mutants appear to lack 
the same sensory neuron populations in the DRG and cranial ganglia (Table 1). In 
the second model, deficits in neuron numbers are larger in receptor-deficient than 
in neurotrophin-deficient mice. In the nodose-petrosal ganglion, the great majority 
of neurons express TrkB, and targeted deletion of TrkB leads to an almost complete 
absence of these neurons. However, BDNF and NT-4 appear to be expressed in 
different target fields, so each neurotrophin supports a separate subpopulation of 
neurons within this ganglion. In the third model, a single ligand interacts with mul- 
tiple receptors. Several reports have documented the promiscuous role in vitro of 
NT-3 in activating TrkA and TrkB, in addition to activating TrkC (e.g. Ip et al 1993, 
Clary & Reichardt 1994, Davies et al 1995). In the DRG and trigeminal ganglia 
in an NT-3 mutant, many TrkA- and TrkB-expressing neurons undergo apoptotic 
cell death shortly after they are born (Farinas et al 1998, Huang et al 1999a). These 
neurons are not killed in the TrkC mutant, so NT-3 must be directly activating the 
other Trk receptors. Thus, there must be high enough local concentrations of NT-3 
in vivo to support neurons expressing TrkA or TrkB. Indeed, expression of NT-3 
has been detected in the immediate vicinity of these ganglia during the period of 
neurogenesis (Farinas et al 1998, Huang et al 1999a). By examining the expression 
of both NT-3 lacZ and BDNF* 002 , we have identified distinct regions in the embry- 
onic branchial arches where only the NT-3 gene is expressed between El 1.5 and 
El 2.5 (EJ Huang, unpublished data). Presumably, TrkB-expressing neurons that 
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project to these regions will require NT-3 for their survival because BDNF is not 
available. This model predicts that replacement of NT-3 by BDNF should rescue 
some TrkB-expressing neurons. Consistent with this prediction, the phenotype in 
the DRG of mice in which BDNF is inserted into the NT-3 gene has recently been 
reported (V Coppola, J Kucera, ME Palko, J Martinez-De Velasco, WE Lyons, 
B Fritzsch, L Tessarollo, unpublished observations). In the complete absence of 
NT-3, the expression of BDNF in the same pattern as NT-3 can indeed delay and 
partially rescue neuronal deficits in the DRG. Finally, in the fourth model, survival 
of neurons that express more than one Trk receptor will be controlled by the pat- 
terns of neurotrophin expression. As described above, in the cochlear ganglion, 
neuronal survival in the NT-3 mutant is determined by an apical-to-basal gradient 
of BDNF. In the trigeminal mesencephalic ganglion, survival depends on whether 
NT-3 or BDNF is present in a particular muscle spindle (Fan et al 2000). 

The data in Table 1 and Table 2, although incomplete, indicate that there is 
excellent correspondence between the specificities of ligand interactions with re- 
ceptors as defined in vitro and the phenotypes of mutants lacking these proteins 
in vivo. This is evident from the analyses of mice lacking neurotrophins or Trk 
receptors. There are also striking similarities in the phenotypes of the GDNF and 
GFR-al and Neurturin and GFR-a2 mutants, which also agrees with the majority 
of biochemical studies characterizing interactions of these ligands with these two 
receptor subunits. 

Switching of Neurotrophic Factor Dependence 

The data in Table 1 also make it clear that many neurons require more than one 
neurotrophic factor-receptor signaling pathway to survive. In the vast majority of 
instances, this appears to reflect requirements at different developmental stages, 
made necessary by changes in ligand accessibility or in receptor expression. Exam- 
ination in more detail of the development of the phenotypes of these mutants has 
suggested that ligand activation of tyrosine kinases is important for survival of neu- 
ral precursors and immature neurons, as well as of mature neurons in contact with 
their final targets. In some instances, the same factor is essential at many stages 
of development. In others, different factors become important as development 
proceeds. For example, the SCG shows sequential dependency on c-ret-mediated 
followed by TrkA-mediated signaling during embryogenesis. Thus, the SCG is 
completely absent in the c-ret, NGF, and TrkA mutants, and less-severe deficien- 
cies are seen in mice lacking GDNF, GFRa3, or NT-3. As discussed above, the 
requirement for c-ret clearly precedes that for the neurotrophins. A similar tran- 
sient dependence on NT-3 of TrkA- and TrkB-expressing trigeminal neurons also 
appears to reflect the presence of NT-3, but not other neurotrophins, in the mes- 
enchyme invaded by the axons of these neurons immediately after neurogenesis 
(Huang et al 1 999a). Expression of NT-3 in the mesenchyme has been shown to be 
induced by epithelial-mesenchymal interactions, which are likely to be mediated 
by Wnt proteins secreted by the epithelium (Patapoutian et al 1999, O'Connor & 
Tessier-Lavigne 1999). 
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Although much attention has been focused on switches in neurotrophin respon- 
siveness during early development of the trigeminal ganglion, more recent work 
suggests that there is comparatively little switching in expression of Trk receptors 
(Huang et al 1999a; but see also Enokido et al 1999). Instead, similar to the DRG 
(Ma et al 1999), neurons expressing different Trk receptors are born in waves 
that peak at different times. Much later in development, however, defined subsets 
of TrkA-expressing DRG and trigeminal ganglion neurons become responsive to 
GDNF family members, acquire expression of c-ret and one or more GFR adapter 
subunits, and lose responsiveness to NGF (e.g. Molliver et al 1997, Huang et al 
1999b, Fundin et al 1999). Specific expression patterns of GDNF family ligands 
in targets and GFR-a adapter subunits in both targets and neurons indicate that 
these changes reflect the sorting out of subsets of sensory neurons specialized 
for innervation of specific targets and transmission of specific modalities of sen- 
sory information (Snider & McMahon 1998, Fundin et al 1999). There are many 
other examples, too numerous to review here, in which changes in ligand or re- 
ceptor expression have been shown to explain the requirement for more than one 
neurotrophic factor by a single population of neurons. 

Precursor Cell Survival and Proliferation 

A large number of studies characterizing effects of neurotrophins on CNS neuro- 
epithelial precursors, neural crest cells, or precursors of the enteric nervous system 
have demonstrated effects on both proliferation and differentiation of these cells 
in vitro and, in some instances, in vivo. Some of these have been described above, 
most notably the effect of c-ret-mediated signaling on SCG and enteric precur- 
sors. Only a few examples are described here, but they are representative of the 
interesting actions of these proteins on immature cells of the nervous system (for 
more extended descriptions, see Reichardt & Farinas 1997). 

In cell culture, many populations of CNS precursors are regulated by neu- 
rotrophins. Nestin-positive cells from the rat striatum can be induced to proliferate 
with NGF (Cattaneo & McKay 1990). The proliferation and survival of oligoden- 
drocyte precursors (02A progenitors) have been shown to be promoted by NT-3 
in vitro and in vivo (Barres et al 1994). In other instances, neurotrophin applica- 
tion has been shown to induce differentiation of precursors. For example, NT-3, 
but not other neurotrophins, promotes differentiation of rodent cortical precursors 
(Ghosh & Greenberg 1995). The differentiation of hippocampal neuron precur- 
sors is promoted by BDNF, NT-3, and NT4 (Vicario-Abejon et al 1 995). Although 
these observations suggest that neurotrophins regulate the size of precursor pools 
and neurogenesis in vivo, analyses of the various neurotrophin and Trk receptor 
knockouts has provided no evidence that development of these cell populations 
within the CNS is perturbed during embryogenesis. 

NT-3 has been shown to promote proliferation of cultured neural crest cells 
(e.g. Sieber-Blum 1991, 1999). In vivo, however, initial formation of sensory and 
sympathetic ganglia appears to occur normally in mouse embryos (Farinas et al 
1996, Wilkinson et al 1996). Only after initiation of neurogenesis is elevated 
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apoptosis observed in the NT-3 mutant, and apoptosis appears to be restricted to 
cells that have left the cell cycle and express neuronal markers (Wilkinson et al 
1996; Farinas et al 1996, 1998; Huang et al 1999a). This is consistent with ev- 
idence in murine sensory ganglia that expression of Trk receptors follows and 
does not precede withdrawal from the cell cycle (Farinas et al 1998, Huang et al 
1999a). Although direct effects of neurotrophin deficiency appear to be restricted 
to neurons, evidence for an indirect effect on precursors has been obtained in 
the DRG sensory ganglia of both NT-3 and NGF mutants (Farinas et al 1996; I 
Farinas, unpublished data). In these ganglia, the loss of neurons through apoptosis 
stimulates the differentiation of precursors into neurons without affecting their 
survival or rate of proliferation. As a result, the precursor pool is depleted during 
late stages of neurogenesis, and many fewer neurons than normal are born. In- 
creased differentiation of precursors in these mutants could potentially be caused 
by a reduction in lateral inhibition mediated by the Delta-to-Notch signaling 
pathway. 

The failure to detect Trk receptor expression in murine sensory ganglia pre- 
cursors does not mean that these receptors are not expressed in any proliferating 
neural crest cell derivatives in mouse embryos. The mesenchymal cells derived 
from cardiac neural crest have been shown to be important in cardiac development 
in avian embryos, and a similar population has recently been identified in murine 
embryos (Jiang et al 2000). NT-3 and TrkC mutant embryos have severe cardiovas- 
cular abnormalities, including atrial and ventricular septal defects and pulmonary 
stenosis, which seemed likely to be caused by deficits in a neural crest-derived 
population of cells (Donovan et al 1996, Tessarollo et al 1997). More recently, 
however, expression of both NT-3 and TrkC have been detected in embryonic car- 
diac myocytes, and TrkC receptor-dependent signaling has been shown to promote 
proliferation of these myocytes during early development (Lin et al 2000). This 
raises the possibility that abnormalities in valve and outflow tracts observed in NT-3 
and TrkC mutants are not caused by a signaling deficit in neural crest cell progeny. 
Effects could potentially be indirect. It is interesting that BDNF deficiency also 
results in abnormalities in the heart (Donovan et al 2000). BDNF activation of 
TrkB receptors expressed in the cardiac vasculature is essential for maintaining 
the survival of cardiac endothelial cells and integrity of the cardiac vascular bed 
in early postnatal animals. 

ESSENTIAL ROLES IN DIFFERENTIATION 
AND FUNCTION 

Sensory and Sympathetic Neuron Development 

In a few instances, neurotrophins have been shown to regulate the pathways of 
differentiation selected by neural precursors and to regulate the differentiation pro- 
cess, helping to determine the levels of expression of proteins essential for the nor- 
mal physiological functions of differentiated neurons, such as neurotransmitters, 
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ion channels, and receptors. For example, in vitro and in vivo, NGF promotes 
the differentiation of sympathoadrenal precursors into sympathetic neurons as 
opposed to adrenal chromaffin cells (Levi-Montalcini 1987, Anderson 1993). In 
contrast, glucocorticoids have been shown to suppress these responses to NGF, 
inhibiting differentiation into neurons and promoting differentiation into mature 
adrenal chromaffin cells. As glucocorticoids are present in high concentrations 
in the adrenal gland, they seem likely to regulate differentiation of sympathoad- 
renal precursors similarly in vivo. In vitro and in vivo, the actions of NGF and 
glucocorticoids on these precursors are largely irreversible and dramatic. The sym- 
pathetic neurons formed are permanently dependent on NGF for survival, whereas 
the chromaffin cells are not. The two differentiated cell types differ in their pre- 
dominant transmitter (norepinephrine vs epinephrine). Morphologically they are 
distinct, and this clearly reflects differences in many molecular constituents, which 
are regulated either directly or indirectly by NGF and the glucocorticoids. In PC 1 2 
cells, a very brief exposure to NGF has been shown to result in long-term induction 
of a sodium channel gene (Toledo- Aral et al 1995). This may serve as a model 
system for investigating how neurotrophins can cause irreversible fate changes 
within neurons. 

As described above, precursors of murine sensory neurons do not appear to ex- 
press Trk receptors in vivo or be affected directly by deficiencies in neurotrophins 
(Farinas et al 1998, 2000; Huang et al 1999a). In mouse DRG, ait least, initial 
generation of TrkB- and TrkG-expressing versus TrkA-expressing neurons ap- 
pears to occur in two waves, dependent on sequential expression of neurogenins 
2 and 1 (Ma et al 1999). The neurotrophins function to maintain the viability 
of these neurons. They do not appear to guide their initial determination. There 
is some evidence indicating that the situation may be more complicated in the 
chicken embryo. There, evidence has been obtained that suggests a subpopula- 
tion of DRG precursors expresses TrkC, and available evidence suggests there 
is more dynamic regulation of Trk receptor expression after neurogenesis than is 
observed in mouse sensory ganglia (e.g. Rifkin et al 2000). It seems unlikely, how- 
ever, that the role of neurotrophins is very different there than in murine sensory 
ganglia. 

Neurotrophins are important in regulating aspects of later sensory neuron devel- 
opment that, in some instances, control important aspects of neuronal phenotype. 
For example, NGF-responsive sensory neurons primarily convey nociceptive in- 
formation and extend either unmyelinated C-fibers or thinly myelinated AS fibers. 
They express small peptide transmitters, such as CGRP and substance P, spe- 
cific receptors such as the capsaicin receptor, and distinct Na + channels isoforms 
(e.g. Amaya et al 2000, reviewed by Mendell et al 1999). Expression levels of 
most of these proteins are regulated by NGF (e.g. Fjell et al 1999; reviewed in 
Lewin & Barde 1996, Mendell 1999; Mendell et al 1999). Although the absence 
of NGF during embryogenesis results in loss of almost all nociceptive neurons, at 
later ages withdrawal of NGF no longer kills these neurons. Instead, perturbation 
of NGF levels results in phenotypic changes. When NGF is sequestered during 
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the early postnatal period, the properties of AS fibers are dramatically changed 
(Ritter et al 1991). Normally, many of these fibers are responsive to high thresh- 
old mechanical stimulation and are classified as high-threshold mechanoreceptors 
(HTMRs). Postnatal deficiency in NGF results in almost complete loss of HTMRs 
with a proportional increase in D-hair fibers, which respond to light touch. As 
this change is not associated with elevated apoptosis, the results suggest that the 
neurons of origin for the HTMR fibers are not lost but instead undergo a change in 
phenotype, becoming D-hair fibers that function as touch, but not pain, receptors. 
The central projections of D-hair and HTMR fibers have different termination 
zones in the substantia gelatinosa, and it is interesting that the phenotypic conver- 
sion induced by withdrawal of NGF does not result in inappropriate innervation 
by D-hair fibers of zones normally innervated by HTMR fibers (Lewin & Mendell 
1 996). Central projections appear to be regulated to maintain appropriate modality 
connectivity. 

Overexpression of NGF in skin using the keratin- 14 promoter results in in- 
creased survival of both the C and AS classes of nociceptive neurons and, 
in addition, affects the functional properties of these neurons (Stucky et al 1999, 
Mendell et al 1999, Stucky & Lewin 1999). The percentage of AS fibers respon- 
sive to nociceptive stimuli increases from 65% to 97%, which may reflect selective 
survival of these neurons. Even more notably, the percentage of C-fibers respon- 
sive to heat increases from 42% to 96%, an effect too large to be accounted for 
by their selective survival. In addition, the chronic presence of NGF in skin also 
affects the functional properties of heat-sensitive C-fibers, increasing their thermal 
responsiveness and lowering their mechanical responsiveness. It seems likely that 
regulation of VR-1, the capsaicin receptor, may be involved in these phenotypic 
changes. 

NGF is not the only neurotrophic factor to regulate the phenotype of nociceptive 
neurons. Although all nociceptors are believed initially to express TrkA, a propor- 
tion of these begin subsequently to express c-ret together with one or more of the 
GFR adapter subunits (e.g. Snider & McMahon 1998). In addition to expressing 
c-ret, these neurons are distinguished by expression of a binding site for the plant 
lectin isolectin B4. As development proceeds, their survival becomes dependent 
on GDNF family members (Molliver et al 1997). Targeted disruption of the GFR- 
a2 gene does not cause loss of cells expressing the isolectin B4 ligand but does 
result in a three-fold reduction in the percentage of isolectin B4 ligand-expressing 
neurons sensitive to heat (CL Stucky, J Rossi, MS Airaksinen, GR Lewin, un- 
published observations). The results indicate that signaling mediated by a GDNF 
family member, most likely neurturin, is necessary for these neurons to manifest 
a nociceptive phenotype. 

Continued presence of D-hair afferents has been shown to depend on NT-3 
in early postnatal development and on NT-4 at later times (Airaksinen et al 1996, 
Stucky et al 1998). It is not certain whether these phenotypes are caused by neuronal 
loss or changes in neuronal phenotype. 
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Control of Target Innervation 

Each of the neurotrophins has been shown to promote neurite outgrowth by re- 
sponsive neurons in vitro. Elegant experiments have demonstrated that local NGF 
regulates the advance of sympathetic neuron growth cones (Campenot 1977). The 
presence of NGF within a compartment was shown to be essential for axons to 
grow into that compartment, even when neurons received adequate trophic sup- 
port. When neurons were seeded between two chambers, one with NGF and one 
with no neurotrophin, axons invaded only the chamber containing NGF. If at a later 
time NGF was withdrawn from a chamber, the axons stopped growing and slowly 
retracted. In addition to promoting growth, gradients of neurotrophins are able 
to steer growth cones in vitro (Gundersen & Barrett 1979). It is intriguing that in 
these assays, whether a neurotrophin acts as a chemoattractant or a chemorepellent 
depends on cyclic nucleotide levels within neurons (Song et al 1997, Song & Poo 
1999). The chemoattractive activities of NGF and BDNF, acting through TrkA and 
TrkB, respectively, are converted to chemorepellent activities by inhibitors of the 
cAMP signaling cascade. Effects of a PI-3 kinase inhibitor and of NGF signaling 
through a TrkA mutant lacking a putative PI-3 kinase docking site suggest that 
activation of PI-3 kinase is required for the chemoattractive response (Ming et al 
1 999). It is intriguing that although the different Trk receptors are believed to func- 
tion through similar signal transduction pathways, the chemoattractive activity of 
NT-3, acting through TrkC, is not affected by agents that affect cAMP-mediated 
signaling. Instead, inhibitors of cGMP signaling convert this chemotrophic re- 
sponse from attractive to repulsive (Song & Poo 1999). These observations argue 
persuasively that there are fundamental differences in the signaling mediated by 
different Trk receptors. 

Since the discovery of NGF, it has been appreciated that systematically applied 
neurotrophins affect innervation patterns in vivo (e.g. Levi-Montalcini 1987). NGF 
was shown to increase innervation of tissues that receive sympathetic or sensory 
innervation normally and to induce aberrant innervation of tissues that normally 
are not innervated. In adults, neurotrophins are generally concentrated in targets 
of sensory and sympathetic targets (e.g. see Reichardt & Farinas 1997). Analyses 
of transgenic animals either lacking or expressing ectopically neurotrophins have 
provided many examples where disruptions of normal expression patterns of a 
neurotrophin results in perturbations of innervation, including aberrant routing of 
axons and interference with innervation of specific targets. For example, elevation 
of NGF in pancreatic islets using the insulin promoter induces dense sympathetic 
innervation of cells within the pancreatic islets, which normally are not innervated 
(Edwards et al 1989). Elevation of NGF in the epidermis using the keratin- 14 
promoter induces similarly dense sympathetic innervation of the epidermis (Guidry 
et al 1998). In this case also, the pattern of innervation is perturbed. Sympathetic 
innervation of the footpad vasculature and sweat glands is strongly inhibited. 
Instead, the sympathetic fibers are found in a plexus together with sensory fibers in 
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the dermis. Sympathetic innervation is also distributed aberrantly in the vicinity 
of the mystacial pads (Davis et al 1997). Overexpression of NGF under control of 
the keratin- 14 promoter also increases greatly the density of sensory innervation, 
selectively promoting innervation by NGF-dependent nociceptors (Stucky et al 
1999). In contrast to sympathetic fibers, aberrant targeting of these endings was 
not detected. As a final example, in mice that overexpress BDNF under control of 
the nestin promoter, sensory fibers dependent on this neurotrophin appear to stall 
at sites of ectopic BDNF expression at the base of the tongue and fail to reach the 
gustatory papillae (Ringstedt et al 1999). Fibers that do not traverse these sites of 
ectopic BDNF expression are able to reach and innervate their targets normally. 
Taken together, the results of these studies indicate that elevated expression of 
a neurotrophin in a region usually results in an increased density of innervation 
by axons from neurons that normally innervate that region. Overexpression in 
regions that are normally not innervated often, but not always, results in aberrant 
innervation by neurons responsive to that neurotrophin. This suggests that guidance 
and targeting clues are either masked or overridden by the presence of high levels 
of a neurotrophin. Consistent with this concept, recent studies in tissue culture 
have shown that uniform exposure of TrkA-expressing neurons to NGF results 
in a desensitization of chemotactic responses to gradients of netrin, BDNF, or 
myelin-associated glycoprotein, which suggests that these factors share common 
cytosolic signaling pathways (Ming et al 1999). 

In some instances, deficits or aberrancies in innervation observed in transgenic 
animals may reflect competitive phenomena. In analyses of innervation by sensory 
neuron fibers of mystacial pads, elevated innervation by TrkA-dependent sympa- 
thetic fibers was observed in mutants lacking BDNF or TrkB (Rice et al 1998). 
Excessive innervation by TrkA-dependent sensory endings was seen in mice lack- 
ing BDNF, NT-4, or TrkB. When innervation of different classes of endings that 
detect mechanosensation was examined in these mutants, each ligand and Trk re- 
ceptor was shown to support innervation of at least one type of mechanoreceptor 
(Fundin et al 1997). Innervation of some endings is dependent on more than one 
neurotrophin or Trk receptor. For example, NT-3 is important for formation of 
all types of endings, but it may signal through different Trk receptors as devel- 
opment proceeds. In addition, the results suggested that BDNF signaling through 
TrkB may suppress Merkel innervation whereas NT-3 signaling through TrkC 
suppresses Ruffini innervation. There is not a single compelling explanation for 
these observations. Some sprouting may be attributable to loss of competition for 
a neurotrophin. Absence of TrkC-dependent endings, for example, may result in 
less NT-3 being transported out of the region. The elevated level of NT-3 remain- 
ing in the region may mediate sprouting of endings otherwise supported by NGF 
alone. Not all observations appear compatible with this model, however. Instead, 
the results suggest that neurotrophin-mediated signaling regulates, both positively 
and negatively, responses to other factors involved in sensory fiber targeting and 
differentiation. 
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Sensory Neuron Function 

Neurotrophins have multiple interesting effects on the functional properties of sen- 
sory neurons extending beyond regulation of their survival. Essentially all modal- 
ities of sensory information are modulated in different ways by changes in the 
levels of these factors. 

During early postnatal rodent development, both NT-3 and BDNF have been 
shown to regulate the development of the synapses formed between la afferents and 
motor neurons (Seebach et al 1999). Chronic NT-3 results in larger monosynaptic 
excitatory postsynaptic potentials (EPSPs) and reduced polysynaptic components, 
whereas BDNF actually reduces the size of the monosynaptic EPSPs and increases 
the contribution of polysynaptic signaling. Infusion with TrkB-Ig also results in 
the appearance of larger monosynaptic EPSPs, which suggests that endogenous 
BDNF is an important modulator of development of these synapses. Infusion with 
TrkC-Ig had little effect. These data argue that levels of endogenous BDNF within 
the spinal cord control the comparative efficiencies of monosynaptic and polysy- 
naptic signaling between la afferents and motor neurons. The role of endogenous 
NT-3 is less certain. 

During the first postnatal week, but not subsequently, direct application of 
NT-3 has been shown to acutely potentiate the a-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid (AMPA)/kainate receptor-mediated monosynaptic EPSP 
at the synapses formed by la afferents on motor neurons (Arvanov et al 2000). 
Potentiation is long lasting and is prevented by an inhibitor of Trk receptor ki- 
nase activity. Initiation, but not maintenance, of potentiation requires N-methyl-D- 
aspartate (NMDA) receptors and postsynaptic Ca 2+ . The dependence on NMDA 
receptor function and Ca 2+ are similar to the requirements for generation of long- 
term potentiaion (LTP) in the hippocampus (see Malenka & Nicoll 1999). It is 
intriguing that EPSPs with similar properties evoked by stimulation of a different 
innervation pathway are not potentiated by NT-3, so the effects ofNT-3 are synapse 
specific. NT-3 is effective at potentiating the strength of the la afferent-motor neu- 
ron synapse only during the first week, very likely because NMDA receptors are 
downregulated at later times. 

Effects of peripheral nerve transection on monosynaptic la EPSPs, however, 
suggest that NT-3 from peripheral sources is also important in regulating the effi- 
ciency of synaptic function in adult animals. Peripheral transection results in long- 
term declines in conduction velocity and monosynaptic EPSP amplitude (Mendell 
et al 1999). These declines can be prevented by infusion of NT-3 in the vicinity 
of the cut nerve ending, which suggests that interruption of NT-3 transport is the 
cause of the synaptic deficiencies observed after transection. 

Although overexpression of NGF induces the changes described in the previous 
section that are likely to involve gene expression, acute NGF also has striking 
effects on nociceptors. Application of NGF to the undersurface of a patch of skin 
acutely sensitizes nociceptive C and AS fibers to heat within 10 min (e.g. Shu & 
Mendell 1999a). Sensitization is not seen in the skin of animals depleted of mast 
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cells, so a major pathway mediating this response is believed to involve activation of 
mast cells by NGF, resulting in secretion from these cells of serotonin, histamine, 
and other agents, including NGF (e.g. see Levi-Montalcini et al 1996). Acute 
application of NGF also sensitized the subsequent response of sensory neurons to 
capsaicin (Shu & Mendell 1999b). As sensitization is seen in dissociated sensory 
neuron cultures, NGF must be acting directly on the sensory neurons. 

One of the proteins known to be upregulated by NGF in sensory neurons is 
the neurotrophin BDNF (Michael et al 1997). There is evidence that BDNF is 
transported to both peripheral and central terminals of nociceptive sensory neurons. 
In the periphery, BDNF andNT-4 have been shown to acutely sensitize nociceptive 
fibers by a pathway that requires the presence of mast cells (Shu et al 1999, Rueff 
& Mendell 1996). Sensory neuron-derived BDNF also appears to act centrally 
(Mannion et al 1999, Woolf & Costigan 1999). Perfusion of the spinal cord with 
TrkB-IgG has been shown to prevent the progressive hypersensitivity elicited by 
low-intensity tactile stimulation of inflamed tissues. 

Cortical Circuitry and Function 

Several neurotrophins are expressed in the neocortex and hippocampus during 
development, and their expression continues in adult animals, which suggests 
that they have functions extending beyond initial development. NGF, for exam- 
ple, is widely expressed in both the developing and adult neocortex (e.g. Large 
et al 1986). Projections from the cholinergic basal forebrain extend throughout 
the neocortex and hippocampus (e.g. Mesulam et al 1983). The fibers of these 
projections express TrkA (e.g. Sobreviela et al 1994), and expression in these 
neurons of proteins associated with cholinergic function, such as cholirie-o-acetyl 
transferase, is increased by infusion of NGF (e.g. Hefti et al 1989). NGF infusion 
has been shown to attenuate the behavioral deficits associated with cholinergic 
atrophy (e.g. Fischer et al 1987). Maintenance of normal function of these neurons 
in adult animals is sensitive to small perturbations of NGF levels. For example, 
animals heterozygous for a mutation in the NGF gene express approximately half 
the normal level of NGF mRNA and protein and have significant deficits in memory 
acquisition and retention, which can be corrected by prolonged infusion of NGF 
(Chen et al 1997). Mice lacking TrkA have also been shown to have deficits in 
cholinergic projections from the basal forebrain (Smeyne et al 1994). 

Both BDNF and TrkB are widely expressed in the developing and adult hip- 
pocampus and neocortex (e.g. Cellerino et al 1996). BDNF mRNA is present in 
excitatory pyramidal neurons, but not in GABAergic inhibitory interneurons. TrkB 
is expressed by both classes of neurons, although its expression is higher in in- 
hibitory interneurons. In addition, expression of BDNF is regulated by both sensory 
input and electrical activity. For example, induction of seizures in the hippocampus 
strongly induces BDNF expression (e.g. Kornblum et al 1997). In the visual and 
somatosensory cortices, expression has been shown to be regulated by sensory 
inputs, with deprivation reducing expression of this neurotrophin (e.g. Castren 
et al 1992, Rocamora et al 1996, Singh et al 1997). Several promoters control 
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expression of BDNF mRNA, and one of these is regulated by Ca 2+ acting through 
Ca 2+ -calmodulin-dependent protein kinase IV to phosphorylate and activate the 
transcription factor CREB (Tao et al 1998, Shieh et al 1998). BDNF is sorted into 
a regulated secretory pathway in hippocampal neurons (e.g. Farhadi et al 2000), 
so increases in neuronal activity should both activate transcription of the BDNF 
gene and increase secretion of the BDNF protein. 

Expression of TrkB has also been shown to be modestly increased by activity 
(e.g. Castren et al 1992). Equally important, surface expression of TrkB is also 
regulated by activity (Meyer-Franke et al 1998). In the absence of activity, this 
protein appears to be largely sequestered into cytoplasmic vesicles. This result 
suggests that neurons become more responsive to BDNF as a result of activity. At 
the subcellular level, regulation of TrkB distribution may provide a mechanism 
by which active and inactive synapses differ in their responsiveness to BDNF, 
thereby regulating actin dynamics, glutamate receptor activity, and other functions 
important for adjusting synaptic function. In the absence of a direct demonstration 
of activity-regulated TrkB trafficking in vivo, however, this should be considered 
only an intriguing possibility. 

In the neocortex, BDNF signaling through TrkB has been implicated in both 
development and maintainance of cortical circuitry. BDNF expression in excita- 
tory neurons is promoted by activity, whereas increased release of BDNF can be 
expected to enhance the effectiveness of inhibitory interneurons. This has raised 
the possibility that BDNF-to-TrkB signaling modulates an autoregulatory circuit 
between excitatory pyramidal cells and inhibitory interneurons. In mixed cul- 
tures of postnatal rat cortical neurons, activity blockage has been shown to reduce 
reversibly GABA expression in interneurons and to reduce GABA-mediated in- 
hibition on pyramidal cells (Rutherford et al 1997). In these cultures, the rates 
of firing are stabilized by scaling of the amplitude of AMPA receptor-mediated 
synaptic inputs (Rutherford et al 1998). These effects appear to be modulated by 
endogenous BDNF, as effects of activity blockade can be prevented by exoge- 
nous BDNF and effects of activity blockade are mimicked by a BDNF scavenger 
(Desai et al 1999). It is attractive to imagine that this autoregulatory circuit 
functions in vivo. 

Formation of Ocular Dominance Columns 

The density of innervation of layer IV by afferents from the thalamus is increased 
by exogenous BDNF and reduced by a scavenger of endogenous BDNF, TrkB-IgG 
(Cabelli et al 1997). Both agents appear to interfere with sorting of these affer- 
ents into ocular dominance columns, raising the possibility that competition for 
limiting amounts of BDNF by these afferents is involved in some manner in the 
sorting mechanism. In addition, infusion of NT-4 into the visual cortex during the 
critical period has been shown to prevent many of the consequences of mono- 
cular deprivation (Gillespie et al 2000). In the presence of NT-4, neurons remain 
responsive to stimuli from the deprived eye. Even after responses to the deprived 
eye are lost, infusion of NT-4 is able to restore them. These observations suggest 
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that TrkB activation during the critical period promotes connectivity independent 
of correlated activity. 

The function of inhibitory interneurons is essential for formation of ocular 
dominance columns (e.g. Hensch et al 1998), and maturation of these neurons is 
regulated by BDNF in vitro and in vivo. In initial analysis of the BDNF mutant, 
several deficits in interneuron maturation were detected, including expression of 
Ca 2+ -binding proteins and peptide neurotransmitters (Jones et al 1994). Recently, 
BDNF has been overexpressed in excitatory pyramidal neurons by use of the Ca 2+ - 
calmodulin-dependent protein kinase II promoter (Huang et al 1999c). In these 
animals, maturation of interneurons is accelerated, as assessed by expression and 
synaptic localization of glutamate decarboxylase, expression of parvalbumin, and 
the strength of inhibitory postsynaptic potentials. In addition, the critical period 
of ocular dominance plasticity begins and terminates precociously, and the acuity 
of vision increases on an accelerated time course (Huang et al 1999c, Hanover 
et al 1999). As visual stimulation also increased expression of BDNF within pyra- 
midal neurons, the results suggest that early sensory stimulation acts to promote 
maturation of interneurons through BDNF-to-TrkB signaling. Interneurons in turn 
promote the refinements in synaptic connectivity needed for maturation of the 
cortex. The results suggest that refinement of cortical circuitry is driven by intra- 
cortical mechanisms, which then drive the sorting of thalamic afferents. Recent 
work supports this model (e.g. Trachtenberg et al 2000). 

Another mechanism by which neurotrophins may control development and 
changes in cortical circuitry is through control of dendritic and axonal arbors. 
Neurotrophins affect neuronal morphologies at many levels in the visual pathway. 
Local application of BDNF or of a BDNF scavenger, for example, has been shown 
to decrease and increase, respectively, the complexity of Xenopus retinal ganglion 
cell dendritic arbors (Lorn & Cohen-Cory 1999). Local application to the optic 
tectum of these same agents has different effects on axonal branching patterns, 
with BDNF increasing the complexity of retinal ganglion cell-derived axonal 
arbors and a BDNF scavenger having the opposite effect. NT-4 has been shown 
to prevent the atrophy of lateral geniculate neurons seen after monocular visual 
deprivation (Riddle et al 1995). Applications of BDNF, NT-3, or NT-4 to slices 
of neonatal neocortex have been shown to regulate the dendritic morphologies 
of pyramidal cells over comparatively short time spans (e.g. Horch et al 1999; 
reviewed in McAllister et al 1999). The effects are distinct, cell specific, and layer 
specific. For example, BDNF was observed to promote dendritic arborization of 
neurons in layers IV and V, but BDNF actually inhibited arborization by neurons 
in layer VI (McAllister et al 1997; see also Castellani & Boltz 1999). In layer 
IV, NT-3 was shown to oppose the stimulation of dendritic arborization promoted 
by BDNF. In layer VI, BDNF inhibited the stimulation of arborization induced 
by NT-3. Apical and basal dendrites of the same neurons responded differently to 
the same neurotrophin (e.g. McAllister et al 1995). Many of the observed effects 
were prevented by blocking electrical activity (e.g. McAllister et al 1 996). Specific 
deletion of the TrkB gene in pyramidal neurons also results in striking changes in 
these cells during postnatal development, with significant retraction of dendrites 
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observed at 6 weeks and loss of many neurons seen at 10 weeks of age (Xu 
et al 2000b). Although the changes in dendritic morphology and subsequent loss 
of neurons were cell autonomous, requiring deletion of the TrkB gene within 
the affected neurons, changes in gene expression were also seen that were not 
cell autonomous, i.e. they were observed in neurons that continued to express 
TrkB. It seems likely that circuit perturbation as a result of alterations of dendritic 
morphologies accounts for these changes. 

Taken together, the results described above indicate that neurotrophins are im- 
portant in regulating establishment and function of cortical circuits. Within the 
visual system, they regulate development of retinal ganglion cell axonal and den- 
dritic arbors, thalamic afferents, cortical pyramidal cells, and cortical interneu- 
rons, with profound effects on cortical function. Although mechanisms by which 
neurotrophins influence axonal and dendritic morphologies in vivo have not be ex- 
amined, they almost certainly involve regulation of the Cdc-42/Rac/Rho family of 
small GTPases. Aberrant expression of constitutively active and dominant negative 
mutants of these proteins have been shown to have dramatic effects on dendritic 
branch patterns and spine density (e.g. Li et al 2000, Nakayama et al 2000). 

Synaptic Strength and Plasticity 

Mechanisms underlying establishment of LTP between afferents from CA3 pyra- 
midal cells and postsynaptic CA1 pyramidal neurons in the hippocampus have 
been of intense interest, as these mechanisms are believed to provide a paradigm 
for regulation of synaptic strength and plasticity (reviewed in Malenka & Nicoll 
1999). BDNF is expressed in CA3 and CA1 pyramidal neurons within the hip- 
pocampus, and TrkB is expressed by almost all hippocampal neurons, including 
dentate granule cells, CA3 and CA1 pyramidal cells, and inhibitory interneurons. 
It is interesting that LTP is greatly reduced in BDNF mutants, both in homozygotes 
and in heterozygotes (e.g. Korte et al 1995, Patterson et al 1996). Long-lasting, 
protein synthesis-dependent LTP is not seen in these mutants (Korte et al 1998). 
There are also deficits in long-lasting LTP and in memory consolidation in the hip- 
pocampus in mutant mice lacking NT-4 (Xie et al 2000). CA1 LTP is also reduced 
in TrkB mutant heterozygotes and in a mouse mutant that expresses reduced levels 
of TrkB (Minichiello et al 1999, Xu et al 2000a). Signaling through p75NTR does 
not appear to be important, because there is very little expression of this recep- 
tor within the hippocampus and because functional antibodies to p75NTR do not 
affect LTP (Xu et al 2000a). Loss of TrkB from excitatory pyramidal neurons in the 
hippocampus and forebrain interferes with memory acquisition and consolidation 
in many learning paradigms (Minichiello et al 1999). 

In these mutants, the observed reductions in synaptic plasticity probably reflect 
functional, not developmental, deficits. First, the hippocampi of these animals 
appear to be morphologically normal. Second, a very similar inhibition of LTP 
can be seen following acute application of the BDNF/NT-4 scavenger TrkB-IgG 
to hippocampal slices (e.g. Chen et al 1999). Finally, the deficits observed in 
BDNF mutant heterozygotes and homozygotes can be rescued by exposure of 
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hippocampal slices to BDNF (Korte et al 1995, Patterson et al 1996). The en- 
hanced efficiency of synaptic transmission observed after induction of LTP is 
largely mediated by an NMDA receptor-dependent increase in AMPA receptor 
function (reviewed in Malenka & Nicoll 1999). Most evidence suggests, however, 
that BDNF-to-TrkB signaling is not directly involved in the biochemical changes 
underlying LTP within the postsynaptic cells, but instead modulates the compe- 
tence of presynaptic nerve terminals to generate the repetitive exocytotic events 
needed to modify the responses of these postsynaptic neurons. In one set of exper- 
iments, LTP was generated normally in a TrkB hypomorph by a low-frequency- 
paired depolarization protocol that specifically assesses properties of postsynaptic 
cells and puts minimal demands on presynaptic terminal function (Xu et al 2000a). 
In addition, AMPA and NMDA receptor functions appeared to be normal in the 
postsynaptic neurons. In contrast, the ability of presynaptic nerve terminals to re- 
spond to repetitive pulses of stimulation was clearly impaired. Consistent with a 
presynaptic deficit, BDNF has been shown to enhance synaptic vesicle release in 
response to tetanic stimulation, possibly by promoting docking of synaptic vesi- 
cles to the presynaptic membrane (e.g. Gottschalk et al 1998, Pozzo-Miller et al 
1999). Also consistent with a presynaptic deficit, LTP is further reduced in a TrkB 
mutant heterozygote by elimination of the remaining functional TrkB gene from 
excitatory pyramidal cells in both the CA3 and CA1 regions, eliminating TrkB 
from both presynaptic and postsynaptic neurons (Minichiello et al 1999). LTP 
is not further reduced, however, by deletion of the TrkB gene solely within the 
postsynaptic CA1 pyramidal neurons in the mouse mutant that expressed reduced 
TrkB levels (Xu et al 2000a). All these data argue that BDNF-to-TrkB signaling 
is crucial in presynaptic nerve terminals in CA1 that are derived from neurons 
in CA3. In addition, BDNF has been shown to decrease inhibitory postsynaptic 
currents on CA1 pyramidal cells (Tanaka et al 1997, Frerking et al 1998), so it 
is possible that part of the LTP deficit reflects an increase in inhibitory signaling 
by GABAergic interneurons in the absence of normal TrkB function within these 
cells. BDNF has been shown to affect NMDA function in hippocampal neurons 
in culture by increasing the open probability of their channels (Levine et al 1998). 
The experiments described above suggest that TrkB did not modify the function 
of these channels during tetanic stimulation. 

, At many developing and mature synapses, application of a neurotrophin acutely 
stimulates neurotransmitter release. This has been most intensely studied at the 
CA1 synapse in the hippocampus and in developing Xenopus neuromuscular 
synapses (e.g. Kang & Schuman 1996, Wang & Poo 1997). In the developing 
neuromuscular cultures, the neurotrophins have both pre- and postsynaptic ef- 
fects, increasing spontaneous and evoked release of synaptic vesicles and chang- 
ing the kinetics of opening of the acetylcholine receptor (e.g. Wang & Poo 1997; 
Schinder et al 2000). Low levels of neurotrophin act synergistically with synaptic 
terminal depolarization (e.g. Boulanger & Poo 1999b). To be effective, the cell 
must be depolarized during the period of neurotrophin exposure. A cAMP ago- 
nist also synergizes with BDNF to potentiate spontaneous and action potential- 
evoked neurotransmitter release (Boulanger & Poo 1999a). The synergistic effect 
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of depolarization appears to be caused by an increase in the level of cAMP. What 
is surprising is that a very similar presynaptic potentiation induced by NT-3 appli- 
cation is not affected by agents that inhibit cAMP-mediated signaling. 

In hippocampal cultures, BDNF also potentiates release from presynaptic nerve 
terminals, but potentiation depends on inositol tris-phosphate gated Ca 2+ stores 
in presynaptic nerve terminals (Li et al 1998a,b). LTP of synaptic transmission 
at the CA1 synapse in hippocampal slices has been seen by some, but not all, 
workers (e.g. Kang & Schuman 1995, Figurov et al 1996). The difference ap- 
pears to be caused by differences in slice culture and conditions of application 
of BDNF. BDNF must be applied rapidly to slices to observe potentiation (Kang 
et al 1996). In conditions where it is observed, LTP also depends on inositol tris- 
phosphate gated Ca 2+ stores, but in addition it requires local protein synthesis 
(Kang & Schuman 1996, 2000). In studies using slices of postnatal rat visual cor- 
tex, potentiation of synaptic transmission from layer IV cells to cells in layers II/III 
was seen only with very high concentrations of BDNF (Akaneya et al 1997). At 
lower concentrations, BDNF enhanced the magnitude of LTP without potentiating 
basal synaptic transmission. In both the hippocampus and postnatal visual cortex, 
BDNF enhances LTP in conditions where it does not potentiate synaptic trans- 
mission. The acute changes in BDNF concentration needed to potentiate synaptic 
transmission probably occur only rarely in vivo. BDNF also potentiates transmitter 
release from brain synaptosomes (Jovanovic et al 2000). In this case, it has been 
elegantly demonstrated that a MAP kinase phosphorylation of synapsin I mediates 
this response. The response is not seen in synaptosomes isolated from a synapsin I 
mutant and is prevented by inhibitors of the MAP kinase cascade. Phosphorylation 
of synapsins by MAP kinase has been shown to regulate their interactions with the 
actin cytoskeleton (Jovanovic et al 1996), so the MAP kinase cascade may poten- 
tiate synaptic transmission by releasing synaptic vesicles from the cytoskeleton, 
facilitating their entry into a exocytosis-competent pool. It will be interesting to 
determine whether BDNF-to-TrkB signaling regulates generation of LTP in mice 
lacking synapsin I. 

CONCLUSION 

The discovery of NGF and the neurotrophins was made possible by the observa- 
tion that many populations of neurons depend on cell-cell interactions, specifically 
neuron-target interactions, for survival during embryonic development. The con- 
cept that limiting amounts of survival factors ensured a match between the number 
of neurons and the requirement for their functions was attractive. This model also 
provided a potential means for eliminating mistakes through death of neurons 
with aberrantly projecting axons. Thus, this was visualized as a mechanism for 
constructing the complex nervous systems of vertebrates. Subsequent studies have 
shown that these proteins are involved in many more aspects of neural development 
and function. Cell fate decisions, axon growth, dendrite pruning, synaptic function, 
and plasticity are all regulated by the neurotrophins. Studies of this small group 
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of proteins have provided illuminating insights into most areas of contemporary 
neuroscience research and will almost certainly continue to do so in the future. 
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NOTE ADDED IN PROOF 

In a recent study of the roles of GDNF and neurturin in the development of parasym- 
pathetic ganglia, GDNF has been shown to be required for precursor development, 
while neurturin regulates neuronal survival in the sphenopalatine and otic ganglia 
(Enomoto H et al 2000). A change in expression of GFRa receptors provides the 
most likely explanation for this switch. 
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Figure 2 Schematic diagram of p75NTR-mediated signal transduction pathways. 
P75NTR interacts with proteins, including TRAF6, RhoA, NRAGE (neurotrophin receptor- 
interacting MAGE homologue), SC-1, and NRIF, and regulates gene expression, the cell 
cycle, apoptosis, mitogenic responses, and growth cone motility. Binding of neurotrophins 
to p75NTR has also been shown to activate the Jun kinase pathway, which can be inhibited 
by activation of the Ras-phosphatidylinositol-3-kinase (PI3K) pathway by Trk receptors. 
Similar to Figure 1, adaptor proteins are red, kinase green, small G proteins blue, and 
transcription factors brown. (See text for abbreviations.) 
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Cellular diversity in the nervous system evolves from 
the concerted processes of cell proliferation, differen- 
tiation, migration, survival, and synapse formation. 
Neural adhesion and extracellular matrix molecules 
have been shown to play crucial rotes in axonal migra- 
tion, guidance, and growth cone targeting (Dodd and 
JesselJ, 1988). Now the molecular components respon- 
sible for neuronal cell survival and differentiation are 
rapidly being defined with the discovery of new 
growth factors, their corresponding receptors, and 
signal transduction pathways. With multiple, structur- 
ally related molecules defining large gene families, 
this situation creates a problem in identifying the ex- 
act function for each individual family member and 
confronting the issue of redundancy that appears to 
be built into each biological process. 

Growth factors generally initiate signaling by activa- 
tion of transmembrane receptors, which regulate the 
activity of key cellular proteins by posttra relational 
modification. The intent of this review is to discuss 
how neurotrophin receptors have provided insight 
into neuronal signal transduction and to highlight the 
major questions that remain unanswered. The neuro- 
trophin factor family and the trk tyrosine kinase family 
serve as examples of how essential functions appear 
to be encoded by multiple receptors, whose activities 
are restricted to specific neuronal populations. 

The trk Proto-Orocogeroe 

The trophic actions of nerve growth factor (NGF) have 
been studied extensively and have implicated a wide 
variety of potential second messenger pathways, in- 
cluding phospholipid turnover, increases in cAMP 
and Ca**, arachidonic acid, and involvement of serine/ 
threonine protein kinases (Halegoua et aL, 1991). A 
majorcluetothe primary transduction mechanism for 
NGF signaling came with the observation that tyrosine 
phosphorylation of cellular proteins occurred rapidly 
and selectively in PC12 cells (Maher, 1988). The kinase 
responsible for initiating this activity is now known 
to be the product of the protooncogene trk, p140 tf * 
(referred to here also as trk). 

Several lines of evidence have indicated that trk 
function is essential for NGF signal transduction. NGF 
binds directly to p140°*, resulting in activation of its 
intrinsic tyrosine kinase activity in PC12 cells (Kaplan 
et aL, 1991a; Klein et al., 1991a), in SY-5Y human neuro- 
blastoma cells, and in explanted embryonic dorsal 



root gangloa (Kaplan et aL, 1991a, 1991b). These find- 
ings confirmed previous suggestions that activation 
of the NGF receptor complex results in tyrosine phos- 
phorylation (Meakin and Shooter, 1991). Mitogenic 
responses to NGF in fibroblasts expressing p140 trit can 
be readily detected (Cordon-Cardo et aL, 1991), and 
Xenopus oocytes expressing p1W* undergo matura- 
tion in response to NGF (Neb red a et al., 1991). 

Studies to examine the function of trk in a neuronal 
cell environment have used a mutant PC12 line 
(PC12 1 " 1 ) tna t is nonresponsive to NGF (Loeb et aL, 
1991). PC12™" cells lack significant levels of pI'SO** but 
when a tnVcDNA is introduced, cells display increased 
neurite outgrowth and cell survival following treat- 
ment with NGF. Expression of trk is capable of restor- 
ing functional responses in these cells and is essential 
for maintaining a neuronal phenotype. Thus, activa- 
tion of the trk tyrosine activity can result in either a 
differenttative or a proliferative response, dependent 
upon the cellular context in which it is expressed. 

Studies using inhibitors of phosphorylation have 
demonstrated that trk autophosphorylation is a spe- 
cific requirement for NGF function. The alkaloid 
K-252a is a potent inhibitor of NGF-induced biological 
responses (Koizumi et at., 1988), and a primary target 
of K-252a is the trk NGF receptor. Phosphorylation 
events initiated by p140 Ir * can be inhibited by K-252a 
in a dose-dependent manner in vivo and in vitro (Berg 
°et aL, 1992). The inhibitory effect of K-252a is likely to 
be exerted upon the trk tyrosine kinase domain, the 
features of which distinguish the trk subfamily from 
other receptor tyrosine kinases (Table 1). Experiments 
with compounds related to K-252 show that trk tyro- 
sine kinase activity can also be potentiated by neuro- 
trophins (Knusel et aL, 1992). 

The trk gene was original ly detected as an oncogene 
in focus formation assays conducted in 3T3 cells 
(Martin-Zanca et al., 1986). The oncogenic activity of 
trk resulted from a genomic rearrangement event in 
which non muscle tropomyosin sequences were aber- 
rantly fused onto the transmembrane and cytoplas- 
mic domains of trk (hence, the name '"tropomyosin 
receptor kinase"), yielding a 70,000 daOton cytoplasmic 
protein that presumably unleashed its catalytic activi- 
ties to create a mitogenic phenotype. Though the trk 
gene was discovered in a colon carcinoma, RNA analy- 
sis of a wide variety of tissues indicated that trk mRNA 
is present at low levels during development and ab- 
sent in most tissues, including colon, in situ hybridiza- 
tion has revealed that the highest levels of trk expres- 
sion are confined to embryonic dorsal root ganglia 
and to other sensory ganglia such as the jugular and 
trigeminal ganglia (Martin-Zanca et aL, 1990). This key 
observation promoted the hypothesis that trk may be 
related to neurotrophin function. Findings of trk 
mRNA in sympathetic ganglia (Schecterson and Both- 
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Table 1. Unique Features of trk Tyrosine Kinase Domains Compared with th* Insulin and FCF Receptors 


Structural Feature trft 


trkB 


trkC 


Insulin 
Receptor 


FCF Receptor 
(fig) 


% sequence identity with trk kinase domain 

Kinase Insert + 
Substitution in highly conserved amino acids -Thr for Ala-648; + 

Trp for Tyr-723; absence of Pro-767. 
Tyrosine (YY) redundancy at residue 674 + 
Short carboxyl terminus + 


79% 

+ 

+ 

+ 
+ 


76% 

+ 

+ 

+ 
+ 


52% 
+ 


36% 
+ 





well, 1992) and basal forebrain cholinergic neurons 
(Holtzman et al., 1992) have confirmed that trk expres- 
sion is directly associated with classic targets of NCF. 

Isolation of cellular sequences representing the trk 
protooncogene provided evidence that the normal 
protein exists as a transmembrane glycoprotein of M, 
140,000,^140"* (Martin-Zanca et al., 1989). Several no- 
table structure features set the trk tyrosine kinase do- 
main apart from other receptor tyrosine kinases (Table 
1). An insert of 14 amino acids breaks a conserved 
region in the kinase domain. This insert is consider- 
ably shorter than those found in the kinase insert se- 
quences of the receptors for platelet-derived growth 
factor and colony-stimulating factor-1, which have 
been implicated in specifying unique phosphoryla- 
tion targets and substrates (Williams, 1989; Ullrich and 
Schlessinger, 1990). The carboxyl terminus for p140°* 
is also short (15 amino acids), in contrast with other 
members of the receptor tyrosine kinase family. The 
growth factor receptor most similar in sequence to 
trk is the insulin receptor (Ullrich et al., 1985). This is 
intriguing, since it has been postulated that NCF and 
insulin are functionally similar (Frazier et al., 1972). 

The linkage of the trk receptor family with the neu- 
rotrophins ended the search for the trk ligand and the 
NCF receptor. Additionally, this finding established a 
clear connection between catalytic activity and bio- 
chemical reactions mediated by neuronal growth fac- 
tors. A pivotal question that remains is how signaling 
molecules that normally propagate signals resulting 
in increased cell proliferation function in postmitotic 
neurons. Tyrosine phosphorylation is known to con- 
tribute to the transduction of signals within nerve 
cells that provoke changes which probably influence 
synaptic transmission (Pang et al., 1988), desensifaa- 
tion of neurotransmitter receptors (Hugantr et al., 
1984), alterations in the cytoskeleton, and modifica- 
tions in the protein synthetic apparatus. A role for 
protein tyrosine kinases has also been implicated in 
long-term potentiation (O'Oell et al v 1991). Since NCF 
acts directly through trk tyrosine phosphorylation, 
many other crucial activities, such as neurite out- 
growth, cell survival, neurotransmitter synthesis and 
regulation, chemotaxis, and cell death (Thoenen and 
Barde, 1980; Levi-Montalcini, 1987), may be influenced 
by protein phosphorylation. 



Activation of the trk receptor tyrosine kinase serves 
to initiate differentiation and survival of selected pop- 
ulations of neurons, but is also capable of promoting 
cell proliferation in different cellular circumstances. 
This dichotomy in function raises the issue of how 
phosphorylation by the same tyrosine kinase can re- 
sult in two distinctive biological outcomes. In the 
nervous system, NCF exerts predominantly norv 
mitogenic effects (Black et al v 1990). Tyrosine phos- 
phorylation as a differentiative signal is likely to be 
interpreted differently (Hempstead et al., 1992). The 
proto-oncogene trie serves as a reminder that the path- 
way leading to neuronal differentiation depends 
upon as yet undefined downstream signaling events. 

The p75 Neurotrophin Receptor 

A distinctive feature of the NCF-trk interaction is the 
coexistence of a transmembrane receptor, p75*cro 
The p75 NCF receptor was originally defined by mono- 
clonal antibodies that interfered with NCF binding 
and by affinity cross-linking experiments with un- 
labeled NCF. The relative abundance of the p75 recep- 
tor and low levels of trk in most cells had obscured the 
identity of p140 t * except with photoaffinity reagents 
(Massagueetal., 1981; Hosangand Shooter, 1985). The 
p7S NCfR gene encodes a transmembrane glycoprotein 
that does not possess a tyrosine kinase domain (John- 
son et al., 1986; Radeke et al., 1987) and is expressed 
in all NCF-responsive cells, including sympathetic, 
sensory, and basal forebrain cholinergic neurons 
(Buck et al., 1987; Patil et al., 1994)). When expressed 
in heterologous cells, p75 NCra binds ? JS I-Iabeled NCF 
with low affinity (Ko * 1<r> M). This low affinity recep- 
tor belongs to a family of diverse cell surface proteins, 
including two tumor necrosis factor receptors, the Fas' 
antigen, the T cell antigens OX40 and mu4-1BB, and 
the B cell antigens CD30 and CO40 (Stamenkovic et 
al„ 1989; Schall et al., 1990; Loetscher et al., 1990; Smith 
et al., 1990; Mallet et al., 1990; Itoh et al., 1991; Diirkop 
et al., 1992). This family of molecules exhibits a striking 
homology in the pattern of cysteine-rich repeats in 
the extracellular domain. 

Several functions have been suggested forp75 NCni . 
First, p75 NGFR may function as a presentation receptor 
to concentrate NCF, as has been suggested for 
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Schwann cells (Taniuchi et al., 1988). Second, p75 NCra !; 
may signal through a C protein-mediated mechanism 
(Feinstein and Larhammer, 1990). Third, p75 NCra may 
be involved in retrograde transport of NGF (Johnson 
et al., 1987). Fourth, p75 Ncm may aid in discriminating 
among neurotrophic factors (Rodriguez-Tebar et al., 
1992). Fifth, p75 NCFR may be associated with molecules 
capable of signaling (Ohmichi et ah, 1991) or providing 
substrates for p140 trit . The critical questions are why 
do two separate receptors exist for NGF in responsive 
cells, and what is the relevance of pTS* 40 " 1 to neuro- 
tropism function. 

A potential but still controversial role for p75 NCRl is 
in the formation of high affinity NGF-binding sites 
(Green and Greene, 1986; Hempstead et ah, 1989). 
High and low affinity binding have been defined in 
embryonic sensory cells (Sutter et al., 1979), sympa- 
thetic neurons (Godfrey and Shooter, 1986), and PC12 
cells (Schechter and Bothwell, 1981). One model pro- 
poses that compression of both p75 NCFR and pHO 6 * 
is required for high affinity binding. Reconstitution 
studies using gene transfer and membrane fusion 
techniques in COS, 3T3, and melanoma cells and in a 
mutant derivative of PC12 cells (NR18) have indicated 
that high affinity binding requires compression of 
both receptors (Hempstead et al., 1991). High affinity 
binding (Ko = 3.1 x ior" M) appears to require a ratio 
of p75 Ncra to pi W* of approximately 10:1, in keeping 
with the in vivo levels of the two receptors in target 
cells. Kinetic measurements of ^l-labeled NGF bind- 
ing to cells expressing only p140 fr * have indicated that 
the on and off rates are both slow (t H > 10 min), ac- 
counting for the lower affinity interaction of NGF with 
p-lAO"* (Meakin et al., 1992; Hempstead, unpublished 
data). Additionally, high affinity binding appears to 
require both cytoplasmic and extracellular NGfj- 
binding domains of pTS**** (Hempstead et al., 199flt 
Battleman et al., 1992). A second model proposes that 
high affinity NGF-binding sites can be formed in the 
absence of p75 NCFR . This model is supported by experi- 
ments performed with fibroblasts expressing only the 
p140** receptor. These studies yielded low numbers 
of intermediate or high affinity NGF-binding sites in 
addition to a majority of low affinity sites (Klein et af., 
1991a). Further biochemical studies will be required 
to determine the nature of the high affinity binding 
site and the interactions of both receptor subunits. 

Several experimental results have indicated that 
P140"* can function independently of p75 NCFR . The use 
of blocking antibodies directed against p75 NCni (Wes- 
kamp and Reichardt, 1991) and the biological effects 
of mutant recombinant NGFs <lb£nez et al,, 1992) have 
supported the conclusion that NGF bind ing to p140»*, 
and not to p75 NCFR , appears to be sufficient to elicit 
biological responses. These results are reminiscent of 
the function of the a and P binding subunits of the 
interleukin-2 receptor. Binding to the a subunit is not 
necessary for signal transduction by interleukin-2, but 
coexpression of a and P are required (Grant et al., 
1992). In addition, proliferative responses to neuro- 



trophic factors (Cordon-Cardo et al., 1991; Glass et 
a!., 1991) and NGF responsiveness due to membrane 
depolarization (Birren et al., 1992) appear to require 
only signaling by the trk tyrosine kinase family mem- 
bers. These findings point to separate mechanisms of 
signaling for the trk family, consisting of P140"* alone 
and p1 W* with p75 NCW . 

One approach to define the physiological role of 
each receptor has been to create null mutations by 
gene targeting (Thomas and Capecchi, 1987). Genetic 
disruption of the p75 NCFR gene in mice has revealed 
that the p75 molecule has an essential role in neuronal 
development. Homozygous animals lacking p7S MOT 
are viabOe, but show a pronounced deficit in thermal 
sensitivity due to a loss of sensory fibers in the periph- 
ery (Lee et aL, 1992). Dorsal root ganglia are smaller 
than thoseinwild-typemice,suggesting that neuronal 
cell death may have occurred. Sympathetic neuronal 
development appears normal, as demonstrated by the 
density of sympathetic innervation of the iris and sal- 
ivary gland. Although widespread expression of 
pTSNCHt nas been detected (Van and Johnson, 1988; 
Bothwell, 1990), most tissues in the null mutant appear 
normal during development It is of interest to note 
that severe skin ulcerations and hair loss on distal 
extremities are prominent in pTS* 0 * 8 .mutant mice. 

Antisense oligonucleotides against p7S NCTa have 
been reported to inhibit kidney morphogenesis (Sari- 
ola et al., 1991) and to interfere with maturation of 
sensory neurons (Wright et al., 1992), Additional stud- 
ies of p75 mutant mice are required to document the 
full effect of this gene disruption in response to neu- 
ronal injury, regeneration, and aging. The effects ob- 
served in the p75~ null mice, together with the results 
from gene transfer experiments in cultured celFs (Plea- 
sure et al., 1990; Matsushima and Bogenmann, 1990; 
Berg et al., 1991) and studies with mutant or chimeric 
forms of p75 NOT (Hempstead et al., 1990; Van et al., 
1991), indicate that NGF binding and responsiveness 
are influenced by the expression, activity, and stoichk 
ometry of both neurotrophin receptors. 

A central dogma that has driven the neurotrophin 
field is that neuronal cell survival is dependent upon 
limiting amounts of target-derived growth factors. 
Hence, the number of surviving neurons is regulated 
by the supply of neurotrophic factors and the affinity 
of binding to their receptors. Internalization and ret- 
rograde transport of high affinity receptors are be- 
lieved to be crucial for neuronal cell survival. High 
and low affinity sites have been documented in many 
NGF-responsive neurons, which coexpress p7S NCFR 
and p140**. However, it should be emphasized that 
high affinity binding can be effectively uncoupled 
from functional responses, since formation of high 
affinity NGF-binding sites does not necessarily lead 
to appropriate biological reactions, such as neurite 
outgrowth and growth arrest. In neurotrophin- 
responsive cells, high affinity receptor site formation 
wilt likely bea more important parameter for discrimi- 
nating among similar ligands and defining regulatory 
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substrates involved in nerve cell survival and special- 
ization. y 

Relatives of trie 

The restricted number of cellular targets for NCF led 
to the search for related neurotrophic factors. The 
purification and molecular cloning of brain-derived 
neurotrophin factor (BDNF; Barde et al., 1982- Leib- 
rock et al., 1989), permitted the subsequent identi- 
fication of three additional neurotrophin factors 
neurotrophin-3,^,and-5(l^-3,Nrr^,arufr^-5;Atoisori^ 
1W0; H ° hn & A ' 1990 '- Rosenthal et al., 
1990; Errifors et al., 1990; tones and Reichardt, 1990; 

Hallbook et al., 1991; Berkemeier et al., 1991) NT-3 
NT-4, and ISfT-5 have not been directly purified from 
any tissue source, but have been obtained in recombi- 
nant form after expression in cultured cells. NT-4 has 
been proposed to be a species paralog of NT-5 (In 
et al., 1992), but this issue is still unresolved All the 
neurotrophic factors are capable of promoting sur- 
vival and differentiation of sensory neurons, but they 
display markedly different activities in other cell pop- 
ulations. For example, NCF, but not BDNF, enhances 
the survival and outgrowth of neurites in sympathetic 



neurons, whereas BDNF, but not NCF, is capable of 

ogical effects upon distinct but overlapping popula- 
tions of neuronal cells. ■ " F 

Molecules related to trk, such as trkB and trkC bind 
and respond preferentially to BDNF and NT-3, r«pec- 

al., 1991; Klein et al., 1991b; Cordon-Cardoetal., 1991- 
Umba lie et al., 1991). trkB and trkC we* isolated by 
low stnngency hybridization with a segment of 3k 
representing the transmembrane and tyrosine kinase 
domain (Klein et al., 1989; Umballe eS., W1) ^ 
kinase domains of trk, trkB, and trkC share approxt 
mately85* sequence homology, defining a subTmSy 
of receptor tyrosine kinases that share slveral sZl 
hire features (Table 2). One of a pair of tyroXt 

femmoacid^probablyservesastheautopLpter- 
ylation srte. A threonine substitution of a highly con- 
served alanine at position 648, a tryptophan residue 
at posrfon 723, absence of a conse^Voline rt"- 

features that distinguish trk kinases from other tyro- 
sine ^kinases (Table 1). It is noteworthy that many other 
growth factor receptors do not contain many of these 



Table 2. Receptor Tyrosine Kinases with Relevance to the Nervous System 



Subfamily 



FGF receptor 



EOF receptor 




Neurotrophin receptor 

Insulin receptor 
Eph 



PDCF receptor 



Ark/Axl/UFO 



EGF receptor 
neu 
tyro-2 

trk NCF receptor 
trkB BDNF receptor 
trkC NT-3 receptor 

Insulin receptor 
ICF-1 receptor 

Eph 

Eck 

Elk 

Eek 

Erk 

Cek4/Mek4 
CekS 

PDCF A receptor 
PDCF B receptor 
CSF-1 receptor (c-fms) 
flt-VECF receptor 
kft 

fHk-2, ftt-3 
flk-1, KDR 

Ark 

tyro-3 

Axl/UFO 



Ullrich et aL, 1984 
Bargmann et al„ 1986 
Lai and Lemke, 1991 

Martin-Zanca et al., 1989 
Klein et al., 1989 
LambalJe et aL, 1991 

Ullrich et al., 1985 
Ullrich et at, 1986 
Hiraj et al., 1987 
Lindberg and Hunter, 1990 
Lhotf k et al., 1991 
Chan and Watt, 1991 
Chan and Watt, 1991 
Saj|adi et al., 1991 
Pasquale, 1991 

Matsui et aJ., 1989 
Crorrwald et a\ u 1988 
Coussens et al., 1986 
de Vries et al., 1992 
Besmeretal., 1986 
Rosnet et al., 1991 
Matthews et al., 1991; 
Terman et al., 1991 

Rescigno et al. r 1991 
Lai and Lemke, 1991 
O'Bryan et al., 1991; 
Janssen et af., 1991 
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Figure 1. Structure of Neurotrophln Receptors 

Extracellular motifs found in the trie family members include two cysteine-rich dusters and three 24 amino acid repeats rich in leucine 
residues (Schneider and Schweiger, 1991). .The trk (Martin-Zanca et al., 1989), tr*B (Klein et al„ 1989), and trkC (Lambatle el al., 1991) gene 
products form a subfamily of receptor tyrosine kinases. The p75«w molecule, characterized by four 40 amino acid repeats with 6 
conserved cysteine residues (lohnson et al., 1986; Radeke et al., 1987), is capable of binding all neurotrophins (Rodriguez-Tebar et aL 
1992) and should be considered a neurotrqghin receptor. 



structural features, though neurotrophic effects in 
neuronaJ cultures have been discovered with basic 
fibroblast growth factor (FGF; Wagner, 1991), insulin 
(Recio-Pinto et al., 1986), and epidermal growth factor 
(Morrison et al., 1987). 

These trk family members bear considerable resem- 
blance to plAO 0 *, not only in the consensus tyrosine 
kinase domain, but also in the extracellular domain. 
The cysteine residues are nearly all conserved among 
trk, trkB, and trkC receptors, and there is approxi- 
mately 50% homology among the extracellular bind- 
ing domains. Roughly the same degree of homology 
exists between their ligands, NGF, BDNF, and NT-3. 
The extracellular domain of the trk tyrosine kinase 
is distinguished by a number of striking motifs (Fig- 
ure 1), including three tandem leucine-rich repeats 
of 24 amino acids containing 8 leucines, which are 
bounded by two clusters of cysteine residues (Schnei- 
der and Schweiger, 1991). Leucine-rich repeats have 
been found in the Orosophila to// gene product, 
a receptor responsible for dorsal-ventral polarity 
(Hashimoto et al., 1988), and the slit gene product, 
a secreted molecule that is implicated in glia-axon 
interactions (Roth berg et al., 1990). A common denom- 
inator is that protein-protein interactions or cell adhe- 
sion events may be mediated by these leucine-rich 
domains. 

For trk receptors, the possibility of potential pro- 
tein-protein interactions is heightened by the pres- 
ence of two immunoglobulin-like C2 repeats in the 
extracellular domains (Figure 1), suggesting that extra- 



cellular matrix or cell surface proteins may interact 
with trk receptors. These issues have yet to be tested. 
Truncated forms of trkB lacking the cytoplasmic do- 
main, P95*** (Middlemas et al., 1991), have been de- 
tected in ependymal cells found in ventricular linings 
and in choroid plexus (Klein et al., 1990a). The short- 
ened receptor contains ail the leucine-rich and C2- 
IgC repeat structures of the full-length receptor and 
is derived from the same gene. The noncatalytic p95 ar * B 
molecule may act as a scavenger receptor to maintain 
high levels of neurotrophins, or participate in func- 
tions involved with cell adhesion or signaling. A re- 
lated gene that encodes immunoglobuJin-like repeats 
in the extracellular domain has been discovered in 
Drosophila (Pulido et al., 1992). No evidence currently 
suggests that neurotrophins function through this re- 
ceptor. 

Consistent with the identity of BDNF and NT-3 as 
the ligands for the trkB and t rkC receptors is the highly 
specific expression of trkB (Klein et al., 1990a, 1991b) 
and trkC (Lamballe et al., 1991) in the central nervous 
system. trkB and trkC transcripts have been detected 
in cerebellum, cortex, and hippocampus-regions that 
can be correlated with BDNF and NT-3 expression 
(Klein et al., 1991b; Lamballe et al., 1991); however, the 
exact relationship between ligand and receptor awaits 
colocalization experiments. Furthermore, functional 
receptors for NT-4 and NT-5 have been assayed in 
transferred cells in culture, with trkB responding to 
both of these factors (Berkemeier et al., 1991; Ip et al., 
1992; Klein et al., 1992). In culture, cross-talk exists 
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Figure 2. Promiscuity of Neurotrophic Factors 
Multiple interactions exist between neurotrophins anil their re- 
ceptor tyrosine kinases (Soppet et al v 1991; Cordon-Cardo et al, 
1991; Squinto et al., 1991; Lamballe et al., 1991; Berkemeier et 
al., 1991; Klein et al., 1992; lp et al., 1992). The principaJ Jigand- 
receptor interactions are denoted by heavy arrows, and weaker 
irrteractlons are shown with thinner arrows. In addition, all neu- 
rotrophins bind #75****. 



between neurotrophins and trk members. Whether 
these interactions occur in vivo remains unclear. 

Fibroblasts expressing the trk family members have 
been useful in demonstrating the potential relatipr^ r 
ships between the neurotrophins and their receptors;' 1 * 
By the tests of cell transformation, increased auto- : 
phosphorylation, and direct binding assays; many l - 
overlapping relationships have been discovered (Fig- 
ure 2); these relationships are similar to those ob- 
served in the FCF and insulin growth factor families. 
Although NCF, BDNF, and NT-3 are the principal li- 
gands for trk, trkB, and trkC, respectively, ,trk t and 
trkB receptors can respond to multiple neurotrophins 
(Klein et al., 1991b; Class et al., 1991; Soppet^&al,: ; 
1991; Squinto et ai., 1991; Cordon-Cordo^ al^^; /" 
Berkemeier et al., 1991; lp et al., W^me\^i^-a\^ 
1992). For example, autophosphorylation of pi4^n 
fibroblasts is induced not only by NCF, but al^ by 
NT-3, NT-4, and NT-5 (Cordon-Cardo et?ali,j 19??; 
Berkemeier et al., 1991; lp et al., 1992)! As%r other 
growth factor families, a major objective is to define 
the molecular basis of specificity in these^igand-fC; 
ceptor interactions. t .^ : A^fy:!^;] ' 

These results highlight the necessity of interpreting -\ 
the behavior of tyrosine kinase receptors in the appro- 
priate cellular environments. Functional responses 
promoting cell proliferation by trk family members in 
fibroblasts may have little physiological significance, 
as members of the trk family have not been found to 
be expressed in fibroblasts in vivo. Cell proliferation 
assays have depended upon the tyrosine kinase activi- 
ties of the trk receptors to initiate eel! division in heter- 
ologous cells, but have not addressed activities nor- 
mally associated in cells that are postmitotic and 
undergoing terminal differentiation. Since increased 
tyrosine phosphorylation activity and cell transforma- 
tion can even be mimicked without the benefit of a 
ligand-receptor interaction, for example, by inhib- 
iting cellular phosphatases (Klarfund, 1985j), addi- 



tional signaling events must be necessary for each 
specialized function. 

NT-3 displays the greatest degree of promiscuity, 
binding and activating each trk receptor family mem- 
ber when expressed in fibroblasts (Figure 2). This pro- 
miscuity in action could reflect an inherent redundancy 
among neurotrophic factors, the use of inappropriate 
concentrations of factors on these in vitro experi- 
ments, or the existence of a mechanism to ensure 
additive effects of neurotrophins. NT-3 displays very 
limited effects upon p140 t ^dependent differentiation 
v.v in ? C12 ce ( ls * but is more effective in stimulating 
p140** in fibroblasts (Squinto et aJ v 1991; Berkemeiej 
et al., 1991; Cordon-Cardo ett aL, 1991), strongly ar- 
guing that the cellular setting is important far neu- 
rotrophin action. The limited response of neuronaH 
populations and the extremely low levels of neuro- 
trophins found in responsive tissues suggest that con- 
siderably more specificity is dictated in the ligand- 
receptor interactions. 

The problems that face studies of neurotrophins are 
similar to those that exist for the FCF family, wh5cfo 
has seven members and four distinct receptor genes 
jtfSWr* Taole 2)' witn additional forms generated 
1 1 : T^y .differential splicing. The FCF family modulates pm- 
' \ liferation of ceils derived from the mesoderm and 
''. /neuroectoderm, but also promotes differentiation off 
! hippocampal, cerebellar, and ciliary neurons (WaJicke 
et al, 1986; Morrison et al., 1986; Hatteh et al., 1988; 
Unsicker et al., 1987). NCF and basic and acidic FCF 
display very similar neurotrophic effects upon PC12 
cells (Togari etal., 1985; Rydel et a8„ 1987). Although 
, NQ 1 and FCF exert their effects through tyrosine phos- 
phorylation, the initial events stimu lated by these f ac- 
;;tprs;are distinctive, since the inhibitor K-252a does 
inoi affect basic FCPs ability to elicit protein tyrosine 
Phosphorylation and neurrte outgrowth, or to inhibit 
r FCF receptor tyrosine kinase activities (Koizumi et al., 
,1988; Berg et al., 1992). The FCFRI/flg and FGFR2/bek 
. -receptors are known to bind both acidic and basic 
.FCf. Again, the cellular basis of growth factor action 
; and the^constraints on each ligand-receptor interac- 
: ,; ;tiAf) t :have.not been defined, illustrating a common 

.. problem for these receptor tyrosine kinases. 
.^VijiThe^pecifidty of action of different neurotrophins 
may be explained by the differential in vivo pattern of 
growth factor expression, the level and localization of 
receptor tyrosine kinase expression, and h igher order 
structural features that permit multiple factors to bind 
to the same receptor. The emerging patterns of neuro- 
trophin expression (Wheeler and Bothwell, 1992; Scheo 
terson and Bothwell, 1992) will ultimately define the 
role of each factor and receptor in promoting the com- 
plex signaling required for initiation and maintenance 
of a differentiated phenotype. 

Another mechanism could involve membrane- 
specific factors, such as pTS^, which binds to air 
neurotrophic factors and may provide additional se- 
lectivity of binding (Rodtriguez-TCbar et al, 1990, 1992). 
Therefore, p/S 1 *™ should be considered moreappro- 
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pr lately as a neurotrophin receptor, and riot merely an 
NGF receptor. Binding experiments with NGF, BNDF, 
and NT-3 have demonstrated that each neurotrophic 
factor binds to pZS" 0 * with a low affinity, but the rates 
of association and dissociation vary, markedly^ with 
NGF having the fastest, and BDNF the slowest off rate 
(Rodriguez-Tebar et aJ., 1992). These binding, varia- 
tions are believed to reflect differences ih^the binding 
between p75 NCFR and each neurbt^ppK1^iL;^e^if^R^ 
dimensional structure of the 0 su burnt of ;NGF(Wic- 
Donald et al., 1991) reveals a flat, a^rnnietric. molecule 
with several 0 hairpin loops, which may serve I ai recep- 
tor-binding sites. The structural features of rieuro- 
trophins and their receptors will eventually permit a 
better understanding of the events that lead to greater 
discrimination in neurotrophin signaling/ • • ? ' ; . 

Perspectives .... , 

As a class of signaling molecules, the protein tyrosine 
kinase family has dominated studies of * mitogte^lc 
pathways. This is not surprising/since their enzymatic 
activitoes were originally es^seQ^^p^^i^g^^ 
gers in oncogenic retroviruses; 'jj^j^^f^^^/: 
tyrosine residues gains part of (t^ 
tion from the selective and-limiti^'m 
matic events that take place. Increased '^rosjnj^^bS'. 
phorylation or misexpression in inappropriate cells 
results in increased cell prolife'raii^ 
single cysteine residue. - in, [ the « «rtra^^||i^V^^ij?^ 
P140** can activate ^rosi^ 



I n the nervous system, cel^ 
naling activities mediated/tpi^ en em- 

bers must be subverted -to ^|l|w^^5^iati£^\*for 
each neuronal phenotype^^ . 
fluenced by tyrosine phos£^^^ 
identical downstream P^h^^^j^^^l^^^V 
ley et aL, 1991). A t^de^m^^^^^W^^ " 
trophin signaling 

and /as gene products<;H%^ * : : 

body microinjection and^rSn^ 
have indicated a possible* lih&rtfj^^ 
trk^sre^ras^raf-^-^neurite ^e : hslon^jfcrneV''W 
al., 1991; Wood et al. # 1992); Paradoxical 
cules have been the focus of attention in cell transfor- 
mation, but they perform distinct functions and may 
participate in decisions that eventually determine pre- 
cise cellular circuitry and architecture in the nervous 
system. It is important to note that the functions medi- 
ated by these molecules, namely, transformation and 
differentiation, are dissimilar and mutually exclusive. 
The finding of multiple, related .factors and receptor 
tyrosine kinases raises a challenging series of signal 
transduction questions and regulatory mechanisms, 

from which a series of unifying principles will emerge. R. U isacke, C. M., Verma, I. M., and L 
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Cover image: The autoradiograph illustrates the widespread localization of 
mRNA encoding the NMDA-R1 receptor subtype determined by in situ hy- 
bridization. Areas of high NMDA receptor expression are shown as light re- 
gions in this horizontal section of an adult rat brain. 

From Moriyoshi K, Masu M, Ishi T, Shigemoto R, Mizuno N, Nakanishi S. 
1 991 . Molecular cloning and characterization of the rat NMDA receptor. Na^ 
ture 354:31-37. 
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jpiro 53-12 The neurotrophic factor hy- 
jffliesis. (Adapted from Reichardt and Farinas 

^eurons extend axons to the vicinity of tar- 
t cells. 

he target cells secrete limited amounts of 
irotrophic factors. The neurotrophic factors 
J to specific cell surface receptors. Neurons 
t do not receive adequate amounts of neu- 
ophic factor die by apoptosis with frag- 
ftited nuclei. 



Taiget source of 
n«i irotrophic factor 




||about half of the motor neurons generated in the 
n \ otor of the chick spinal cord are des- 

isd to die during embryonic development. Moreover, 
l^erimente similar to those conducted on sensory 
hgua, Hamburger found that the number of motor 
Urons that died was increased by removing the target 
a4f e ^ Ce<i addin S an additional limb (Figure 
U). Thus the size of the muscle target is critical for 
^umval of spinal motor neurons. The process of 
ironal overproduction followed by death is now 
yn to occur in almost all regions of the central and 
pneral nervous systems. 

Tie findings of Hamburger and Levi-Montalcini led 
e tKurotrophic factor l^pothesis, the idea that the target 
IfDf developingneurons produce a limited amount of 
psennal nutrient or trophic factor that is taken up by 
?erve terminals (Figure 53-12) . On the strength of this 
trthesis, Levi-Montalcini and Stanley Cohen isolated 
* growth factor (NGF), the first neurotrophic factor 
identified by assaying sensory neurons in cell cul- 
|XBox 53-1). The identification of NGF provided the 
*direct support for the neurotrophic hypothesis 
^todies of the development of spinal motor neurons 
Ved that the survival of motor neurons depends on 
tete of muscle activity. Blockade of neuromuscular 
saon by drugs such as curare produces a dra- 
enhancement in the number of motor neurons 
|t survive (Figure 52-11). Conversely, direct stimula- 



nonof the muscle enhances the death of motor neurons. 

The level of activity of a target cell or the neuron 
could, m turn, influence survival of the neuron in sev- 
eral ways. Activity in the target cell could inhibit pro- 
duction of the neurotrophic factor. Because the supply 
of the neurotrophic factor is thought normally to be ttm- 
rted, any reduction in the supply would lead to a greater 
degree of neuronal death. However, electrical activity in 
the neurons themselves also appears to be required for 
appropriate responses to neurotrophic factors. Thus, ac- 
tivity might regulate both production of and respon- 
siveness to neurotrophic factors, thereby permitting the 
extent to which a neuronal population is used to shape 
its eventual number. 

Taiget Cells Secrete a Variety of 
Neurotrophic Factors 

The discovery of NGF was a milestone in the study of 
growth factors and prompted the search for other neu- 
rotrophic factors. We now know that NGF is merely one 
of a large array of secreted factors that have the ability 
to promote the survival of neurons (Table 53-1). The best 
studied class of trophic factors are the neuntrophim. 
*our major neurotrophic have been isolated from 
mammals: NGF, brain-derived neurotrophic factor 

rS^'~ eUrotrophin 3 ms >' neurotropic 4/5 
(NT4,5) (Figure 53-13A). The neurotrophic are struc- 
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Box 53-1 EMscovoy of Nerve Growfl! Factor 

after Viktor Hamburger and Rita Levi-Montalcini de- 
^dAat target bssues have a critical role in regXtag 
t^T^ of neurons, Elmer Bueker, HainSS 

ftTSTS ' Pe t nned eX P erimen * to determine wE 
the implantation of various tumor tissues into rnicTm^M 
«rve as a substitute peripheral targe, supJrZ ££,352 

evoked extensive growth of sensory fibers into the turnorH! 

1 that dorsal ^ gangUa near^^f? 
planted tumors were s Ig nificantly larger than thp mr»c^i 
-g ganglia on the opposite side of th.% m ^™ POnd - 
Tlvese studies were extended by Levi-Montalcmi and 
"amburger, who noted a dramatic increase in th» 



*at the snake venom itself produced a greaterle«S?# 
outgrowth than did NGF itself. B reaierae 8reeof axn^ 

Cohen then investigated a mammalian counterpart of flST 
^^S^then^einousesubmax^ 
found that it was a rich source of NGF. 
va*m provided ah abundant source o NCT 5215* 
ami protein sequencing. Subsequent work has swSS 

w«gm of 130M0. The achve component is the B subunH? 
ll^nuno-aad sequence that exisTm solution 



£2* t0 , NGF ' ^ entire exhibits a 

of rec^oTS n,pWnS intCraCt ^ ™*» classes 
3* *Snal-transdudng receptors are 

a family of three membrane^parming tyrosine kinases 

Table 53-1 A Partial List of Neurotrophic Factors 

Neurotrophin class 
Nerve growth factor 
Brain-derived neurotrophic factor 
Neurotrophin 3 
Neurotrophin 4/5 

Interleukin 6 class 
Ciliary neurotrophic factor 
Leukemia inhibitory factor 
Cardiotrophin 

Transforming growth factor B class 
Transforming growth factor B 3 
Bone morphogenetic proteins 
Glial-derived neurotrophic factor 
Neurturin 
Persephin 
Artemin 

Fibroblast growth factor class 
Hepatocyte growth factor 



named trkA, trkB, and trkC, each of which exists as af 

™* lrkA ': h T brainKJerived neurotrophic factor! 
and neurotrophm 4/5 interact primarily with trkP 
ST P hin 3 activates trkC and, to a W ^ 

° T L t ^Z IWept0r8 ***** on *• dlitoaoB of 3 

rector, a process initiated by the binding oi the nevj 
rorr^hm ligand. Phosphorylation of ^cytopS 

cutos within the neuron (Rgure 53-14), many of which| 
are aJso used by other tyrosine kinase receptcL M 

p75^"T toP ;^^ bind to a w*** called 
P75 (see Figure 53-13). In contrast to the trk receptor** 

^*rt& tr ° phin hinds to P 75 ™ ™* similar affirul 
ThepTS receptorfemoughttohavesevendfur^f 
Ftet j it can present NGF to trkA. Second, it transmits ir| 
taoellulamgnalsclu^y through activation of trar*du$ 
ton pathways that depend on signals triggered by memf 
brane hpids. Paradoxically, the activation^ He 

promote rather than prevent neuronal cell death. ii 

™«f • ^f* 011 to *■ neurotrophic, other classes J$ 
protems that promote neuronal survival include men*| 

S?n ^ T S FP Ae ^leukin 6-related 

tokmes, fibroblast growth factors, and sonic hedgehog! 
inus the secreted proteins that have patterning roles a? 
early stages of neural development are also active latel 
in controlling the survival of neurons. '!§ 
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A Neurotrophin receptor interactions 



• . •. . ■ , • • •* - :i . 1 1.£ ; i ■.> j < vifc.t J 
■ '■ .*"' : ; "V" V^i'-;.- 
> 53-13 Neurotrophic factors and their recepto^UTX'^y'i^xq 

Burotrophins interact with tyrosine kinase rec^ptors'WtHe';.. 
ass. The figure illustrates the interactions of each rrierriD'pr/S 



Jhe neurotrophin family with the trk proteins:'Strbr)j( tnte%&^'V-\ ^W^m^r ''' ; -^-'^^)-v>^ , i^v^- v- '•■<■ 
|js are depicted with solid arrows; weaker inte^ctio^^ • 




hie factor. (Adapted from Reichardt and FarinasS^^jg^Kv-'/J ' 
|Two related cytokines, CNTF and LIB transduce, sjghals"^^ 



i receptor interactions 




$fhe TGF0 proteins — glial-derived neurotrophic factor 
j^rturin, artemin, and persephin— transduce signals 
^ hmon receptor subunit. c-ret Each Itgand appears' 
|$fetinct lipid-anchored subunit of the receptors (Adapted from'.#\; 
enthal 1999.) . - -:«wi»^^aSi s 



ctdr (GDNft^ ->^i- k$^m 

Us VteaV^fr :*1 - * j^-te^^ 





nation o£Ne,m>top^ ' . u . 
Hftebtm Leads to Neuronal D&j{^^^ 

^?i' ; ^-Ji^fnq W.1 i f - ' ^ns.-.Gene;-targeting studies have shown that survival of 

1 evidence is there that trophic factors .hky.e, iessenti^i ) . sensory neurons is also dependent on the neurotoophins. 

ctions in neuronal survival? Tlie;piqneering;s^ ■■'■{"/Do neurotrophins have an equivalent role in psro- 

Ifjtevi-Montardnimm^ of neurons in the central nervous 

"fet demonstrated that sympametic^and'sen^ system? Here the picture is more complex. The survival 

ibs require neurotrophic fartors.^ appears to depend on the actions of 

Gently, the analysis of mouse stxams>au^^ neurotrophic factors. The survival of motor 

Sons in the genes encoding neurpmopr^ : neu^rons in vitro can be promoted by the neurotrophins 



* receptors has provided extensive genedb.ey^deiifie! 
Bat sensory and sympathetic neurons.<i^iu^t tropjtk 
Ptipport from neurobophins secreted by their targets; i$f> 
%y For example, sympathetic ganglia aj^virtxiaUy absent 
i mice carrying mutations in the NGF or trkA genes/ coin 
^firming Levi-Montalcini's early studies. Importantly, a 
Ipartial depletion of these neurons occurs in mice that lack 
|one copy of the NGF gene, supporting the idea that neur 
|rotrophins are normally provided in limited amounts. In 
^addition, mice that lack the NT3 gene have a greatly r©r 
feduced number of sympathetic neurons. Thus both NGF 



^13 and BDNF. Despite this, the number of motor neu- 
rons tin mutant mice lacking these neurotrophins or 
their, receptors is normal, suggesting that other neuro- 
trophic, factors normally contribute to the survival of 
motor neurons. Candidates include the TGFp proteins, 
such as glial-derived neurotrophic factor, interleuidn 6- 
Iike proteins, such as carctiotrophin-1, and hepatocyte 
growth factors, all of which are expressed by muscles or 
by peripheral glial cells. Indeed/in mice lacking glial- 
derived neurotrophic factor 20-30% of motor neurons 
are lost. Figure 53-15 shows some of the many neu- 
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figure 53-14 Neurotrophins and cytc- 
femes exert neurotrophic action by pro- 
moting the dimerization of receptors and 
the activation of protein tyrosine kinases. 

A. Upon NGF binding, dimerization and 
phosphorylation of the (trk) receptor lead to 
tyrosine kinase activation and the associa- 
tion of the receptorrytoplasmic proteins 
such as phosphatidyiinositol 3-kinase (PI-3 
kinase) and phosphofipase Cy (PLG.-1) 
These proteins then activate multiple * 
downstream proteins, including ras. Activa- 
tion of trk receptors also induces the phos- 

. Phorylation of SNT, a protein whose phos- 
phorylation is associated with neuronal 

# and leads t0 Mtfwron of the 

ras/raf/MAP kinase pathway. 

B. Upon activation by cytokines, the CNTF 
or LIF receptor-p (LIFRB) complex activates 
cytoplasmic JAK protein tyrosine kinases 
which phosphorylate many substrates, inl 
eluding the STAT transcription factors. 
(Adapted from Reichardt and Farinas 1997 ) 
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atrophic factors now known to promote the survival of 
motor neurons and peripheral neurons 

ta J^n^ *** P 10 ^ 011 of neurotrophic factors by 
tar^ceDs is a major influence on neuronal survival, it 

Y ^f° me inStanCes o' neuronal death may 
S^T u eS L S ° me pTOteins Seated in neu 
™£ ^ death such as P 75 and Fas, may therefore be 
activated by target independent signals. 

Deprivation of Neurotrophic Factors Activates 
a Cell Death Program in Neurons 

Nemobophic factors were originally believed to pro- 
mote Ae survxval of neural cells by stimulating their 
metabobsm m beneficial ways-hence their name. m . 

nSvlT™ 3PPearS ** "* factore act P^omi- 
nandy by suppressing a latent biochemical pathway 

JUT m l^" 8 ° f *** ™ S biochemifaJ^- 
2 Z£?2Z ^ PTOSram - ° nCe activated it 
kJU cells by apoptosts, a process characterized by four 
features: cell shrinkage, the condensation of chromatin, 

™"^ entati ° n ' and ^PhWosis of cellular 
remnants. Apoptotic cell deaths are distmguishabte 
from necrotic cell deaths, which often result frlTacute 



rraumahc mjury and characteristically involve rapid I 
sis of cellular membranes without activation of m If 
dogenous cell death program. * 

The first evidence that the lack of neurotrophic 
tors kuTs neurons by releasing an active biochemiS 
program emerged from studies that assessed the erf 
of mmbitmgprotein or RN A synthesis on the survival 
sympathetic neurons in vitro. Such neurons are mag 
tamed m the continuous presence of NGF and dieil* 
NGF is removed from the culture media. Surprising^ 
mhibltan 8 P ro tein or RNA synthesis at the time of WlF 
removal prevents removal death. The blockade of & 
tern synthesis also rescues neurons in vivo. These result 
suggested that neurotrophins suppress an endogeno^ 
death program. ■ //SB 

Many of the key insights into the biochemical coll 
ponents of the endogenous cell death program haC 
emerged from genetic studies of the nematode woii 
Cmwrhabditis elegans. During the normal developmef 
of C elegans a precise and fixed number of cells is genet 
ated. About 15% of these identified cells, most of 
neurons, undergo programmed cell death. This obsea 

S°T r S tt f 1 d6Si ^ of screens to identify gel 
matei^blc^celldeamormcreasethenuir^ofC 
mg cells. About a dozen cell death genes (ced)4 
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Distinct neuronal subtypes depend on different neurotrophic factors 



Muscle sensory 
afferent neuron 



53-15 Differential dependence 
uronal populations of the per- 
rel and motor systems on neuro- 
ic factors. Diagram is based on the 
"types of mouse mutations in 
1 neurotrophic factors or their re- 
rs have been inactivated by gene 
ting. Abbreviation: DRG = dorsal 
ganglion. (Adapted from Reichardt 
r arinas 1997.) 



7 Cutaneous sensory 
afferent neuron 
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Cell death 

SZS^ttST** ^ hW8y f0r <*" death in wor ™ and 
l™» !* TS?* Worm c «*»w*e oed9 protein 
-•e upstream of and mh.brts the activity of ced4. which is re- 
nsible for 8Ct.vat.on of ced3. The activation of ced-3 results in 
a deavage of protein substrates and results in cell death 
'JZZ^ ne ^!l o°^!° fls of ^ tave been identified and 

ST 'i 1 Ce " d f ath; but 50016 P romote cen death by aiT 
0«»ns p the actions of the Bd2 subclass of death^eveming 

of ced4) and the caspases (vertebrate homologs of ced3). 



known to control apoptosis in C. elegans (Figure 53-16) 
Two of these genes, ced3 and cedi, are essential for cell 
death; in the absence of either gene all cells destined to 
die instead survive. The third key gene, ced9, functions 
in cells that normally survive; it antagonizes the activi- 
ties of ced3 and cedi and protects cells from apoptosis 
(see Figure 53-16). Thus in the absence of ced9 activity 
many additional cells die, although these additional 
deaths are still dependent on ced3 and cedi activity. 

Does the existence of a cell death pathway in a 
worm have any relevance to the developmental death of 
cells in the vertebrate nervous system? We now know 
that the nematode cell death pathway is conserved al- 
most completely in vertebrates and underlies the apop- 
tohc death of neurons, indeed of all cells, programed 
to die during development The discovery of this strik- 
ing conservation came initially with the cloning of the 
«<» gene. This gene encodes a protein that is struc- 
turally and functionally related to members of the Bcl2 
family of vertebrate proteins (see Figure 53-16), which 
had already been shown to protect lymphocytes and 
other cells from apoptotic death. The Bd-2-like proteins 
function as dimers. Certain other members of this fam- 
dy bmd to Bcl-2 and inhibit its function, thus promoting 
cell death. The molecular identification of other cell 
death genes soon followed. The C. elegans ced3 gene en- 
codes a protein closely related to a member of the verte- 
brate family of cysteine proteases, known as the cas- 
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(talKST^'S^ * WoticceU deaths 
figure 53-16). Finally, the C. elegans ced4 eene enmH« a 

F£J that is stn.cturally relZ to S^S^ 

protein, apoptosis activating factor-1 (Apaf-1) 

™H^L ™ a ° d ^^enninal to aspartate 
njdues. The vertebrate caspase family contains ^ 
than a dozen members that can be divided into 
^groups on the basis of sequence analysis. ZSJSZ 
neuronal subtypes appear to express different caspie 
members. Nevertheless, there i/evkLce that SSe 
activity » central to the cell death program of 3^! 
rons For example, viral proteins that Wion cal 
pase inhibitors, notably CrmA and pSS^XSvH 
rescuing sensory and sympathetic neurons tarn n^- 

iowdoT^ ^^^or degen^r 
dM "°r: d ° *ese proteins interact to regulate cell 

sess an AlP-dependent hydrolytk activity thoughVto 



NGFdsprived 1 
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F^-re 53-18 Neurotrophic factor deprivation triooers cas- 1 
ww; trie receptor signaling s thought to activatp (hSP 

tri ? 9er apoptosis * * 

upases. &ucn stimuli include s gnalina via the niK^h ltn ^ri 

tf^ aSSn f 8 ' a .? e fami,y * upases. In marwcasesN 
tf» actuation of a specific caspase leads to the woteotofc i 

13356 proteins *« are essential for cell viability. ^ 

StfLS? ApaM and ^Pn>teinsareab4« 

sent, the processing of caspases and ced-3 does not occur M 
and celk survive. The Bd-2-Iike proteins (oed-9 in C. deM 

by mterachng curecdy with Apaf-1 and ced-4 to inhibitS 
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J'processing of their precursors (Figure 53-17). This 
|fvival-promotirig activity is mediated in part by in- 
|iting the ATPase activity of Apaf-1 and ced-4. Cas- 
hes cleave a wide variety of protein substrates, many 
tyhich are essential for cell viability. 
| What is the biochemical link between neurotrophic 
|or signaling and the activation of caspases? The bind- 
jof neurotrophic factors to their tyrosine kinase recep- 
*; is thought to lead to the phosphorylation of protein 
^ states that promote Bd-2-Iilce activities or inhibit cas- 
p> activity (Figure 53-18). The caspase pathway, and 
ms the cell death program, is also activated by many 
Ker cellular insults, including DNA damage and anoxia. 
|reover, some instances of apoptotic deaths may not in- 
|V e *d' 2 Apaf-1 related proteins but even in these 
£s, caspases may still serve as the final executors of 
L 'otic cell deaths. Because many neurodegenerative 
p .. ters result in apoptotic death, pharmacological 
jgtegies to inhibit caspases are being investigated. 

i'.Overall View. 

I^embryonic -development of the nervous system in- 
iyies the generation of an overabundance of neurons 
W glial cells and the programmed death of superfluous 
jjk From beginning to end, intercellular signals provide 
pdal direction to the developing nervous system. After 
tfny years of descriptive embryology, the past decade 
^ seen the emergence of the first molecular insights into 
3 '^fundamental issues in neurogenesis: (1) the media- 
£ns by which cells acquire neuronal and glial identities, 
jpi (2) the mechanisms by which certain young neurons 
|d jglial cells survive at the expense of others, 
p Major insights into these aspects of neurogenesis 
jgte emerged from genetic studies of two invertebrate 
^nisms: the fruit fly Drosophila and the nematode 
\ C elegans. This research has shown, once again, the 
gj-*ng pnylogenetic conservation of the molecular ma- 
mery responsible for animal development Yet, insight 
*>. the trophic factors that promote the development 
^ I survival of nerve cells came first from studies of ver- 
jirates. Moreover, research on neurotrophic factor sig- 
Jling and the biochemistry of cell death mechanisms is 
|ginning to be applied to the search for treatment of neu- 
jwiegenerative disorders such as Alzheimer disease and 
'^hyotrophic lateral sclerosis (Lou Gehrig disease). 
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Nerve girow&fo factor (NGF) is a imeiuirbtrophic factor resjp<cwmsible 
foe the dnfferenttiatioiia amid survival of syimpaltlhietic amid, sensory 
neuronis as well as selective populations of cholinergic neuironas 1 * 2 . 
NGF binnds to specific cell-snnrfface receptors boat the maechaEBismni 
for transduction) of the meuirotFoplhiic signaaB is oimkmiowiin. Several! 
experfiimieBDts usiEig the NGF-respoiasive pheochronnocytoiRDa celfl 
lime, IPC12, Caave nnmipMcattedl tyrosine pfoosjpHaoiryllattiion in NGH?- 
medoatteiD responses* although mo NGF-specsflk tyrosine kinases 
have foeein MeatiM 3 . Mere we show that NGF induces tyrosine 
phosphorylation- and tyrosine Mnase activity of the srk proto- 
oncogene product, a tyrasciae Cdmase receptor whose expression is 
restricted ifl ®sv& to nemrocos of the sensory spinal and cranial 
gangESa of Bemral crest origin 4 . Tyrosine phosphorylation off tok 
by NGF is rapid, speciic and occunrs with picomolar q[nantities of ' 
factor, indicating. that the response is mediated by physiological 
- aronotnnts of NGF. Activation of the trk tyrosine kinase- receptor 
provides a possibie nDechanisim for signiai transduction by- NGF. 

In the presence of NGF, PC 12 cells differentiate into sym- 
pathetic neurons; extend neurites, increase neurotransmitter 



synthesis and become electrically excitable 5 " 7 . Several uniden- 
tified proteins are phosphbrylated on tyrosine in these cells and 
the introduction of the tyrosine kinase v-src into PC 12 cells 
stimulates an outgrowth of neurites similar to that resulting from 
NGF treatment 3, . Therefore, events mediated by tyrosine phos- 
phorylation could be involved in the, differentiation of PCl# 
cells. 

The trk gene is a member of a gene family of tyrosine kinase 
(TK) receptors that includes the related gene fr&b 4,9,10 . To deter- 
mine if trk or trkb were transcribed in PC 12 cells, the expression 
of trk transcripts was assayed by northern-blot transfer analysis 
with a full-length trk complementary DNA probe or with air 
extracellular domain, rr&b-specific probe 9 . PC12 cells expressed 
a 3.2-kilobase trk transcript, but trkb transcripts were not detect 
ted (Fig. la). The level of trk transcripts was not affected by* 
the addition of NGF. To determine whether additional frfc-: 
related genes were transcribed in PC12 cells, messenger RNA^ 
was hybridized at low stringency with the highly conserved trk 
TK domain. No additional trk- hybridizing transcripts were 
detected (not shown). 
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FIG. 1 a, Northern-Wot transfer analysis of trk and trkb transcripts in NGF 
treated (+) or untreated (-) PC12 cells, o, Ptyn phosphotyrosine-containing 
proteins in PC12 cells treated for 5 mln or 5 days with or in untreated 
cells (0). WG, tyrosine-phosphorylated glycoproteins in cells treated with 
W3F for 5 min or 5 days. M r markers (in K) are indicated 
METHODS, a, FfrIA preparation and northern blot transfer analysis was 
performed as described previously 4 . Cells were treated with 50 ng per ml 
N0 : (+) (Boehringer-Mannheim) and were collected 48 h later after differenti- 
ation had occurred. Total W4A (20 ^g) was loaded per lane and the filter 
was hybridized .with a probe specific for trk A or trkb 9 . o, Ptyr, PC12 cells 
were treated with 50 ng per ml NGF for 5 min or 5 days. Cells were washed 
lysed and the lysates (50 *tg protein per lane) analysed by immunoblotting 
with the phosphotyrosine (Ptyr) monoclonal antibody 4G10 (gift from D. 
Morrison, B. Drucker and T. M. Roberts) as previously described 17 - 18 . For 
WG, lysates (prepared from 2 xlO 7 cells) were incubated with 100 p.1 of a 
50% solution of wheat-germ (WG) lectin agarose (Pharmacia) for 2 h at 4 °C. 
Precipitates were washed and analysed by western blot analysts with 
anti-Ptyr as previously Ascribed 17 - 18 . Electrophoresis was performed on 

7 cwfc QHS-nnlvarrvtamirfp 0pK 
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NGF: ' M " 




RG. 2 induces tyrosine phosphorylation of Trk. a, Trk was immuno- 
precipitated with rabbit peptide antibody 43-4" from lysates of Nt^-treated 
(+) or untreated (-) PC12 cells and the immunoprecipitates were probed 
with anti-Ptyr. Cells were lysed in buffer containing 1% NP40 18 or RIPA 
buffer 19 . Immunoprecipitations were performed in the presence or absence 
of competing peptide (10 \x% ml" 1 ). Similar results were obtained with other 
sources of M3f (Collaborative Research, Upstate Biotechnology Inc.). b, 
NGF-induced tyrosine phosphorylation of Trk in anti-Trk or anti-Ptyr 
immunoprecipitates. Trk immunoprecipitates were prepared with rabbit anti- 
body 7-4 11 before anti-Ptyr western blot analysis or with Ptyr antibody 
before western blot analysis with Trk antfeodies 43-4 or 7-4. 
METHODS. PC12 cells were treated for 5 min at 37 °C with 50 ng per ml 
MGF. Cells (2 x 10 7 ) were lysed in buffer containing 1% Nonidet P-40 (NP40) 
(except as noted) and were immunoprecipitated with anti-Trk or anti-Ptyr 
for 2-3 hat4°C as described previously 18 . Imnruinoprecipitates were collec- 
ted with protein-A/Sepharose, subjected to 7.5% SDS-PAGE and analysed 

hw immunnhlrkttintf a«: rtpcrrihpd 18 M marfepr* ftn tO arp inriiratPrj 
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r ._ 3 Time course, growth 
'factor specificity and dose- 
-response of Trk tyrosine 
fef ; phosphorylation in PC12 cells. 
^ Tirne course of Trk tyrosine 
^phosphorylation. Cells (2x 
H£t :■ xo 7 ) were treated with 50 ng 
l|£fcr ml NCF at 37 °C. b, Effects 
^Ji^bf growth and differentiation 
^ /. factors on Trk tyrosine phas- 
ic? phorylation. Cells were 
^t treated with 100 ng per ml 
KGf f 100 ng per ml basic 




or with arjf * 

:not dete&-^|fe' 
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tional /ra- 
nger RNAl 
iserved irk '} 
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:. Phosphotyrosine (Ptyr) western-blot transfers of cell lysates 
prepared from PC12 cells treated with NGF tq>T 5 min demon- 
strated the tyrosine phosphorylation of a broad band at relative 
molecular mass ,130,000-140,000 (M r 130-140K) (Fig. lb). Pro- 
teins of 42, 45, 50, 60 and 150K were also observed to be 
phosphorylated on tyrosine in response to NGF treatment of 
:PC12 cells. A band of 130-140Klvas observed when the cell 
lysates were precipitated with wheat-germ lectin before analysis 
by anti-Ptyr immunoblotting, indicating that NGF induced the 
tyrosine phosphorylation of a glycosylated protein (Fig. 16). 
^ \ To determine whether Trk, a 140K glycoprotein 11 , was phos- 
gljphorylated on tyrosine in response to NGF, Trk protein was 
lte |;Kimmunoprecipitated with an antibody generated against a C- 
^terininal Trk peptide (43-4) 11 and the immunoprecipitates were 
^ probed with anti-Ptyr antibodies. Trk was phosphorylated on 
^tyrosine after addition of NGF to the cells (Fig. 2a). 
fphhmunoprecipitation of Trk was specifically flocked by a Trk- 
K ; f^ ve< * peptide and was not reduced by imnrunoprecipitation 
^stringent buffers such as RIPA (Fig. 2a). Tyrosine phosphory- 
lation of Trk was also observed when the immunoprecipitations 
^ivere performed using a second anti-Trk antibody generated 
Kagainst the p70 ,rfc oncogene product (7-4) 11 and when anti-Ptyr 
gimmunoprecipitates prepared from NGF-treated cells were pro- 
f ; bed with either of two anti-Trk antibodies (Fig. 2b). The same 
^ amount of Trk protein was recovered in each immunoprecipita- 
? a0n » as measured by [ 33 S] methionine labelling or Trk (not 
gshown). To confirm that Trk was phosphorylated on tyrosine 
^residues in response to NGF, PC12 cells were labelled with 
M&i. "J^rthophosphate before NQF addition and immunoprecipi- 
Ration with anti-Trk antibodies. Phosphoamino-acid analysis 
demonstrated that Trk was phosphorylated on tyrosine in 
response to NGF (not shown). 
Trk tyrosine phosphorylation occurred within 1 min of NGF 



^.RG. 4 Activation of Trk kinase activity by N(S\ a. Immune-complex kinase 
■* following immunoprecipitation with anti-Trk antibodies prepared from 

i ^-treated (+) or untreated (-) PC12 cells. Immunoprecipitations were 

; ^rrned in the presence or absence of competing peptide (10 jig ml" 1 ), 
in ^? phoarnino * acid analysis autoradiogram of Trk phosphorylated in vitro 
^The positions of serine (S) t threonine (T) and tyrosine (Y) are indicated. 
!^TK00S. PC12 cells (8 xlO 7 ) were lysed and precipitated with wheat-germ 
^-agarose (300 jtl 50% solution) as for Fig. 1. The precipitates were 
J**ed three times in 1% NP40-containtng lysis buffer 18 and the gly- 

f ,Wens were eluted in 400 ^1 0.5 M /V-acetylglucosamine in lysis buffer 
^]nmg lmM orthovanadate for lh at 4°C. The eluate was diluted 

■WShftrf* * ySiS bUffer ***** 'mmunoprecipitated with anti-Trk antibody as 
awif* S^ 8 * 2 legend - 71,6 immunoprecipitates were incubated with 
Pfo^ly* ] ATP ' 10 mM MnCI 2' 20 Tris - P H 7 - 4 ' 20 min at 25 °C. 
M m ^ ted proteins wre analysed by 7.5% SDS-PAGE as described 18 
eluted if fS ( ' n K> are lndicated For b - me Phosphorylated Trk band was 
<tescrihp^S the gei and P^Pr^amino-acid analysis performed as previously 
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fibroblast growth factor (bFGF) (Boehringer-Mannheim). 100 ng per ml epider- 
mal growth factor (EGF ) (Upstate Biotechnology, Inc.), 100 nM insulin (Sigma), 
or 1 ^.g per ml phorbol 12-myristate 13-acetate (PMA) (Sigma) for 5 min at 
.37 °C. c, Dose-response of Trk tyrosine phosphorylation. Cells were treated 



for 30 min at 37 °C with increasing concentrations of NGF. Western to 
analysis with Ptyr antibodies of Trk immunoprecipitates prepared wi 
anti-Trk antibody 43-4 are shown. . 



treatment of cells, reached maximum levels after 5 min aur 
declined thereafter (Fig. 3a). Residual phosphorylation w- 
detected after two days of treatment with NGF when the ce 
population was fully differentiated (not shown). Trk tyros™ 
phosphorylation was also specific to NGF. Other peptide growt 
factors that elicit tyrosine phosphorylation in PC12 cells wei 
tested in our assay 312 . Epidermal growth factor (EGF) basi 
fibroblast growth factor (bFGF), insulin and the phorbol este 
phorbol 12-mynstate 13-acetate (PMA) failed to induce TY 
tyrosine phosphorylation (Fig. 3b). No additional tyrosine phos 
£h ^ W 45f seen * treated with both bFOJ 

and NGF (Fig. 36). These agents produce similar patterns o 
early responses m PCI 2 cells, including transcriptional active 

^ fos v and • But of these factors, only NGF anc 

bFGF stimulate neunte outgrowth. 

To determine the minimal concentration of NGF required fos 

Trk tyrosine phosphorylation, a dose-response experiment was 

performed. Tyrosine phosphorylation was half-maximal at 

01 ng per ml NGF (50 pM) (Fig. 3c), indicating that Trk phos! 

phorylation occurs at physiologically relevant concentrations of 

NGF also induces the tyrosine kinase activity of Trk Trk was 
r^osphorylated in vitro > in immunoprecipitates prepared from 

I T [° r 5 1 m . m with NGF > Presumably owing to 
catalytic autophosphorylation (Fig. 4). No Trk phosphorylation 
was detected in immunoprecipitates from untreated cells or 
when competing Trk-derived peptide was included during 
immunoprecipitation. & 
Our results show that the protein tyrosine kinase receptor TrBc 
is a substrate for an NGF-induced tyrosine kinase activity fa 
KL12 cells. The rapid and specific response suggests that Trk is 
closely associated with the receptor for NGF. Alternatively the 
Trk protein may directly bind NGF. The kinase activity of Trk 
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may also be activated by phosphorylation of Trk by another 
cellular tyrosine kinase. 

Trk may be responsible for the increases in phosphotyrosine 
in NGF-treated PC12 cells. Several proteins phosphorylated on 
tyrosine in these cells are candidate substrates for the Trk- 
induced kinase activity, including microtubule associated pro- 
tein-2 (MAP-2) kinase and phospholipase C r 15 (M. Vetter, D.M.- 
Z., L.F.P., J. M. Bishop and D.R.K., manuscript submitted). 
Examination of Trk immunoprecipitates for co-immunoprecipi- 
tating substrates should facilitate the identification of other 
targets of tyrosine kinase activities in PC 12 cells. 

The expression in vivo of trk is consistent with its proposed 
role in NGF-mediated events. The trk mRNA is restricted to 
the dorsal root ganglia and cranial sensory ganglia of neural 
crest origin, tissues comprised primarily of neurons that are 
trophic substrates for NGF 4 . These neurons rely on NGF for 
differentiation and maintenance of the neuronal phenotype 16 . 
Sympathetic neurons and certain neurons in the central nervous 
system, which may not express trk, also respond to NGF 1 * 2 . But 
other trk family members, for example trkb, are expressed in 
the central nervous system 910 and may function as NGF-respon- 
sive tyrosine kinases in these tissues. Other tyrosine kinases 
expressed in neurons, including p60°" ,re and p62°^", may be 
involved in NGF responses, although the phosphorylation state 
and kinase activity of these proteins does not seem to be altered 
in response to addition of NGF (M. Vetter, D.K. and M. J. 
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TtJMOUtt-suppiressor gemes, soncto as the hmnnnianii retinoblastoma 
smisceptSbillalty genne (Rb\ aire widely recognnizetfl sis beinag vital inn 
tine cootrofl of cell girowtihi amid tonmoittr foinnmationa 1 . TMs role is 
Indicated, bed port; by the siinppressnora.oiF faflmmorigennficiitty off feHnunaia 
tttommoiiDr cells af tor retraviinmsHnaediated Mb replaceiroienntt^. How 
Mb acts to brinog about this suppression is not clear 3 bunt oee clue 
is tUnatf tbe Rb protein' ffonms cocrapDexes witb .tbe tranBsffonnSiag 
oncoproteins off several DNA Ihummoosar vfimmses 6 "" 8 , anad ttbat two 
•ragfionns off Rb essential for smcfo bSmdinag frequently' contain 
mutations in toEmouir cells 9,10 . These observations snuggest tbat 
endogenous cellular proteinns anight exist tbat bifid to tbe saeoe 
regions off Rb acid tbereby mediate Its function. We irepoirt here 
tbe identification off one such busman) cellular Rb-associated protein 
off relative molecular mass 4<&,M® (Rb AP46). Two lines off 
evidence support tbe notion tbat RbAP46 and.siraiiian vims 4© T 
antigen bave horaaologous Rb-bindiiag properties: first, several 
mutated Rb proteins tbat failed to bind to T also did mot assodate 
with RbAP46; and second, botb T antigen and T peptide (amino 
adds 101-118) were able to compete with RbAP46 for binding to 
Rb. The apparent targeting off tbe RbAP46-Rb interaction by 
oncoproteins off DNA twnmour viiruses strongly suggests that 
formation of this complex is functionally important. 

Previous attempts to identify Rb-associated proteins 11 may 
have been hampered by insufficient quantities of such stable 
complexes in cells. One approach to overcome this difficulty is 
to add excess free Rb protein in vitro, thereby driving complex 
formation. Detectable amounts of RbAPs could then be copre- 
cipitated by anti-Rb antibody. To obtain large quantities of Rb 
protein, we constructed plasmid pETRbc, containing the entire 

* To whom correspondence should be addressed 



Bishop, unpublished results). Trk is a likely candidate f OP ~ } 
transducer of NGF signals. These results implicate tyrS a 
kinase receptors as possible mediators of neurotrophic 3 
in vertebrates. F ai gna]$: 
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!^!? 8 r I ? eg, f v° f J^ b ' for h '8h-Jevel expression in Escherichia* 
col (Fig. la). The most stobly expressed protein was a 56K& 
polypeptide (p56-Rb), which was then puriBed (Fig. 16) S 
characterized immunologically (Fig. lc). Only antibodies recos, 'l3 
nong the C-terminal half of Rb could precipitate this proteh?- ,? 
whereas two different antibodies recognizing the N-termirS ^ 
regions failed to precipitate it. The C-terminal 56K contains ' 
both regions essential for T binding 9 ' 0 . When purified T antigen 
was added to bacterial lysates, this 56K polypeptide was copre . 
cipitated by anti-T antibody (dato not shown): Conversely 

Si'^c 38 7?. am °" n ? ° f purified 56 ^ P fotein radioT 
labelledCOS cell lysates, in which T is expressed in great excess 
over endogenous Rb' resulted in quantitative coprecipitaS 
of T by anti-Rb anUbody over a 10-fold range (data not shown) 
Similar results were obtained by mixing COS cell extracts with 
lysates of bacteria expressing Rb protein (Fig. 3, lanes 1 and 
2). These studies indicated that bacterially expressed p56-Rb 
retained the T-bindmg properties of full-length Rb 

We next tested whether a cellular protein exists in human m 
S« ^J*™* th * binds to P 56-Rb in a similar way. As | 

d^li" I 8 ' ? a P « tC J n ° f 46151 < Rb AP46) was specifically * 
detected only when p56-Rb, either in bacterial lysates (Fig la, 

whh IV f0m (Fi «- 2fl . ,ancs 4-7). was mixed 
with radiolabel led HeLa cell lysates. By mixing increasing 
amounts of purified p56-Rb with .constant amounts of Hell 
, f ™ Srn 'f ^ K . Pr ° tein W3S imn "»noprecipitated in increase 
c^ 8 mXr^fh ( ,K 8 - ^ 'c^ 3 " 7) ' jesting that it formed a 
complex with the input 56K protein. To exclude the possibility 

04QT»n^ a """Pi** P'otein with the rabbit anti-Rb 
0J95, another anti-Rb antibody, 0.47, was used 10 , and again the 
46K protein was coprecipitated (Fig. 2b, lane 11). But no 46K 
^ deteCt f d . if nonimmune serum was used (Fig. 2b, 
lane 9) These results implied that this 46K protein was directly 

™^ ? ? ' thc same « K P r °tein was again 
t^nf (F T ^ ,anC ,5) ' a,th0u 8 h some ^itional pro- 
SLS? WCre als ° 1 seen - A» RbAP4 6 was the major protein 
S? th b ! us ™« t ,ther a '""-length Rb or P 56-Rd, we con- 

l t f t k P ^; Rb C ° ntainS 311 the necessar y sequences for 
binding to the 46K protein. 

The specificity of the interaction was further characterized by 
defining the regions of Rb involved in binriino ♦„ dmp^ e„. 
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